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Abstract
The Belle 2 detector is a particle physics experiment located in Tsukuba, Japan.
The entire experiment is currently redesigned to reach a 40 times higher lumi-
nosity to increase statistics for rare decay events. This higher luminosity requires
a comprehensive improvement of several components. One of the central com-
ponents is the Silicon Vertex Detector (SVD). This thesis reflects the author’s
approach on a mechanical design of the silicon sensor support structure. The
scope of the work covers aspects of physics as well as physical requirements,
design and prototype production. The design is not final and there are a few is-
sues that have to be resolved around it. Thus this thesis only covers the current
state which is likely to be outdated in the future.
The design started with a single question: ”How does a structure have to be
built to be mechanically rigid but lightweight and as transparent as possible for
low energy particles?” This thesis shows that the options are limited due to the
given constraints. The most dominant question in the design still is: ”How do I
manage the tight space constraints without structural intersections of adjacent
detector layers?” This question also implies a proper cabling and cooling design.
The cooling design is essential to transport the heat dissipated by the front-end
electronics out of the tight SVD confinement and thus has to be highly efficient.
This thesis will also cover cooling basics and the reasons why the author chose
a CO2 cooling scheme. The conclusion of this work will provide simulation re-
sults and mock-ups to show that the design is feasible from a physics point of
view.
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Kurzfassung
Belle 2 ist ein Teilchenphysik-Experiment in Tsukuba, Japan. Das gesamte
Experiment wird derzeit neugestaltet. Ziel ist es, die Luminosita¨t um das 40-
fache zu steigern, um mehr Statistik fu¨r seltene Zerfa¨lle zu bekommen. Diese
ho¨here Luminosita¨t erfordert eine umfassende Verbesserung zahlreicher Kom-
ponenten. Eine der zentralen Komponenten ist der Silizium Vertex Detektor
(SVD). Die vorliegende Diplomarbeit dokumentiert die Herangehensweise des
Autors an das mechanische Design der gesamten Detektorstruktur sowie der
Tra¨gerstruktur fu¨r den Silicium Sensor. Das Augenmerk liegt hierbei sowohl
auf den Anforderungen der Physik als auch auf den mechanischen Anforderun-
gen des Designs und der Produktion von Prototypen. Das Design ist noch
nicht abgeschlossen und es gibt einige Punkte, die zu kla¨ren sind. Weil die
Arbeiten des Autors zu diesem Thema den Rahmen einer Diplomarbeit weit
u¨berschreiten, kann diese auch nur den aktuellen Status abbilden und einiges
wird schon bald wieder u¨berholt sein. Das Design ging von einer einzelnen
Frage aus: Wie muss eine Struktur gebaut sein, um einerseits mechanisch
steif aber andererseits leicht und beinahe transparent fu¨r niedrigenergetische
Teilchen zu sein? Die Diplomarbeit zeigt, dass die Optionen hierfu¨r durch die
gegebenen Bedingungen beschra¨nkt sind. Die wichtigste Frage beim Design
bleibt: Wie kann mit den engen ra¨umlichen Bedingungen umgegangen werden
ohne Kollisionen zwischen den Detektorkomponenten zu verursachen? Diese
Frage steht eng in Verbindung mit einem vernu¨nftigen Design von Kabelfu¨hr-
ungen und Ku¨hlungsleitungen. Das Ku¨hlungsdesign ist essentiell, um die von
der Elektronik produzierte Abwa¨rme aus dem engen Bereich des SVD hinaus zu
transportieren, und muss daher hocheffizient sein. Die Diplomarbeit wird daher
auch die Grundlagen der Ku¨hlung abdecken und erkla¨ren, warum sich der Autor
beim Design fu¨r ein CO2-Ku¨hlungssystem entschieden hat. Am Schluss der Ar-
beit werden Simulationsergebnisse und mechanische Mock-ups pra¨sentiert um
zu zeigen, dass das Design den Anspru¨chen der Physik genu¨gt.
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Chapter 1
The Belle Experiment
1.1 Introduction
In June 1999 the KEKB storage ring started with physics experiments at KEK in
Tsukuba, Japan. Until the shutdown in June 2010 a total integrated luminosity
of 1041 fb −1[1] was reached and thus all technical milestones were accom-
plished. During its running period, KEKB and Belle produced valuable data to
confirm theoretical predictions of the Standard Model with good precision. The
experiment delivered remarkable insights into the flavor structure of elementary
particle physics, particularly CP violation in the quark sector. The experimental
results confirmed M. Kobayashi’s and T. Maskawa’s theory of CP violation for
which they were awarded with the Nobel Prize for physics in 2008[2].
With the upgrade from KEKB to SuperKEKB, a larger data sample will become
available opening new possibilities of heavy flavor physics measurements. With
high expectations in the discovery of new physics processes at hadron colliders,
studies at KEK are designed to back up those discoveries with high precision
measurements. With the machine upgrade comes a detector upgrade to cope
with the higher beam background due to large beam current and luminosity. To
further improve the vertex measurement precision, a new sub-detector, a pixel
detector, is introduced.
This thesis covers the design of the mechanical components and cooling, as
well as some aspects of the construction of the Belle 2 SVD based on the work
of the author.
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1.2 Detector Upgrade: Physics Motivation
The accelerator and detector setup at KEK is designed to find proof of exis-
tence for new physics. Trying to find new physics is a reach beyond the standard
model which has been well established and verified. However, several questions
remain unanswered. The origin of mass is resolved within the standard model
by introducing a neutral Higgs boson. This boson, which probably has been
observed at CERN, results from a spontaneous breaking of symmetry and has
a most likely mass of 126 GeV/c2 according to latest measurements at ATLAS.
This Higgs boson creates a hierarchy problem that requires some unnatural fine-
tuning of standard model parameters. Several theories have been proposed to
solve this problem, one of them is super symmetry, another is the existence of
extra spatial dimensions. All of these new physics scenarios suggest the exis-
tence of new generations of particles. The Belle II experiment is tuned to find
rare observable signatures of new particles that can be obtained through mea-
surements of flavour physics reactions. If a discrepancy with the standard model
is found, this could lead towards models for new physics and ultimately, another
Nobel Prize.
The former Belle detector was very successful in the rare/precision frontier
and led to the observation of mixing-induced time-dependent CP violation of
neutral B mesons as well as the direct CP violation in B decays to pi+pi− and
K+pi+. Another achievement was the first measurement of all three unitary tri-
angle angles φ1, φ2, φ3. Data from Belle also unveiled a new resonance named
X3872 which is produced in B decays [2]. Those and further measurements
were the reason for the great success of the Belle experiment. The Belle II ex-
periment is designed to improve the precision of measurements. This will result
in better understanding of some phenomena found with the Belle detector and
can therefore offer a better insight into new physics.
1.3 KEKB
KEKB is a B-Factory. A B-Factory is a machine that generates a large amount
of B Mesons. At KEKB, those B Mesons are produced when electrons and
positrons are collided with a high luminosity at a center of mass energy of
ECM = 10.58 GeV [3] . Electrons and positrons are fed into two storage rings, re-
spectively a high-energy ring (HER) with 8 GeV electrons and a low-energy ring
(LER) for 3.5 GeV positrons. Those rings are installed in the former TRISTAN
tunnel which has a 3 km circumference and features four experimental halls.
The Tsukuba hall hosts the BELLE experiment and is the only interaction point
(IP) at KEKB. The Fuji hall is used for the beam injection from the adjacent linac
and offered the possibility to extract a beam for beam tests of equipment. A
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schematic layout of KEKB is shown in fig. 1.1.
Figure 1.1: Overview of the KEKB accelerator layout and detector position[4]
Luminosity is defined as the number of particles per unit area and per unit
time. The luminosity in storage rings is best described with the equation 1.1.
L =
N1N2f
A
(1.1)
N1 and N2 stand for the particle numbers within the bunches of each ring,
f is the collision frequency and A is the area of the intersecting beams. A high
luminosity means a higher data rate which is important for rare event studies.
The design luminosity of KEKB was 1034 cm−2s−1[1] but with the introduc-
tion of the crab cavities and the skew sextupole magnets the peak luminos-
ity reached 2.108 1034 cm−2s−1[1] in June 2009, breaking the luminosity world
record.
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1.4 SuperKEKB
SuperKEKB is designed to have a much higher luminosity than KEKB with 8 x
1035 cm−2s−1. This will be achieved through the use of the Nano-Beam scheme
(see fig. 1.2). The Nano-Beam scheme squeezes the vertical beta function of
the beam at the IP (β∗y ) by minimizing the longitudinal size of the overlap region
of the two beams at the IP[2]. The overlap region d, which is the effective bunch
length, is reduced in size and thus much smaller in comparison with the bunch
length (σz). To calculate d, eqn. 1.2 is used where φ is half the crossing angle
and σ∗x is the horizontal beam size.
d ∼= σ
∗
x
φ
(1.2)
Figure 1.2: Schematic view of the Nano-Beam scheme at the IP[2]
In order to reduce d according to eqn. 1.2, it is necessary to have a large
horizontal crossing angle and a very small horizontal emittance and betatron
function[5] at the IP. The luminosity L of a collider is then expressed in terms of
the betatron function and the beam-current as seen in eqn. 1.3:
L =
γ±
2e · re
(
I±ξ±
β∗y±
)(
RL
Rξy
)
(1.3)
In this equation the Lorenz factor γ, the elementary charge e and the classi-
cal electron radius re are used where ± represents the charge of the particle (+:
positron, -: electron). RL and Rξy are the luminosity reduction factors and the
vertical beam-beam parameter, that are related to the crossing angle and the
hourglass effect.
Eqn. 1.3 is dominated by the total beam current (I), the vertical beam-beam pa-
rameter (ξy) and the vertical betatron function at the IP (β∗y ). The other parame-
ters are close to 1 and therefore do not have a big impact on the luminosity. The
vertical beam-beam parameter ξy is relatively close to the KEKB value (LER:
0.129/ HER: 0.090) and does not have a major impact either. On the other side
the higher beam currents (increased by more than a factor 2) and the betatron
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function at the IP which has been reduced by a factor of ≈ 21 increase the lu-
minosity by a factor of ≈ 40. Another measure to reduce the effective bunch
length d is to increase the half crossing angle φ to 41.5 mrad, which is roughly 4
times larger than it was at KEKB. The other advantage of this increase is the fact
that the final focus quadrupole magnets can be independent for each of the two
beams and can eventually be placed closer to the interaction region (IR). This
further decreases background in the detector caused by synchrotron radiation.
A list of SuperKEKB design parameters stands in table 1.1.
LER (e+) HER (e−) Units
Beam Energy E 4 7 GeV
Half Crossing Angle φ 41.5 41.5 mrad
Horizontal Emittance x 3.2(2.7) 2.4(2.3) nm
Vertical Emittance y 0.090 0.088 nm
Emittance Ratio y/x 0.40 0.35 %
Beta Function at the IP β∗x/β∗y 32 / 0.27 25/ 0.41 mm
Horizontal Beam Size σ∗x 10.2 (10.1) 7.75(7.58) µm
Vertical Beam Size σ∗y 59 59 nm
Bunch Length σz 6.0(4.9) 5.0(4.9) mm
Beam Current I 3.60 2.62 A
Number of Bunches nb 2503 2503
Energy Loss turn U0 2.15 2.50 MeV
Table 1.1: SuperKEKB design parameters according to the Technical Design
Report[2]. Values in parentheses denote parameters at zero beam currents
1.5 Belle II Experiment
The Belle II detector keeps the design outline of the previous Belle detector with
the exception of an additional pixel detector layer between the beam pipe and
the SVD. Modifications of the detector components are largely due to the change
from the high current beam scheme towards the ’nano-beam’ scheme and the
smaller beam energy asymmetry (7 GeV/c on 4 GeV/c instead of 8 GeV/c on
3.5 GeV/c)[2]. The goal is to maintain the performance and efficiency of the pre-
vious Belle detector but with an increased background radiation that is expected
to be roughly 20 times higher in the Belle II experiment. The whole updated
is expected to increase the rare event rate by a factor of 20. Fig. 1.3 shows
a rendering of the Belle II detector with a geometric representation of the most
important components.
The main changes will include the following:
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Figure 1.3: A rendering of the Belle II detector showing all major components[6]
• Two additional layers of a DEPFET silicon pixel detector sitting closest to
the beampipe
• A silicon strip detector that has a larger radius than the one used in Belle
• Reduction of the shaping time by using APV25 readout chips for the SVD
• The radius of the drift chamber will increase and hold smaller drift cells
• A new particle identification device with higher performance at smaller di-
mensions with very fast readout electronics
• The endcap part of the KL detector is replaced with scintillators coupled
to silicon photomultipliers
• New trigger and data acquisition systems that are capable to cope with the
higher event rate
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All of the above changes are expected to lead to a better performance in the
following features:
• Improved vertex resolution
• Improved KS decay reconstruction due to a larger SVD volume
• Improved pion/kaon separation resulting from the new particle identifica-
tion devices
• Reduced noise pile-up which is necessary for missing-energy studies
The sub-detectors are all in some way supported by the iron yoke (fig. 1.4),
except for the PXD, which is mounted onto the beam-pipe. The iron yoke will
be recycled from the Belle experiment and has a height of 9.57 m and a vertical
and horizontal diameter of 7.7 m (closest parallel edges). The main iron yoke
has a length of 4.44 m and the end yokes add 1.32 m at both sides resulting in
an overall detector length of 7.08 m. The beam level is 5.72 m above ground
and fits the center of the detector.
A superconducting solenoid provides a magnetic field of 1.5 T and has a cylin-
drical shape with a diameter of 3.4 m and a length of 4.4 m [2].
The Cathode Drift Chamber (CDC) encompasses the PXD-SVD Volume and
sits inside the Barrel Particle Identification Device (PID). The PID is surrounded
by the Electromagnetic Calorimeter (ECL) which is located inside the supercon-
ductive solenoid. The barrel K0L and µ detection (KLM) is built together with the
iron yoke around the superconductive solenoid. The endcap PID and ECL are
installed in the forward and backward regions of the detector and are still inside
the solenoid volume. The KLM endcaps are installed in the forward and back-
ward end yokes, which are removable from the detector for service purposes.
Coordinate system of the detector
The coordinates of the Belle II detector are well defined in a Belle II note [7],
with the z-axis being aligned with the solenoid’s magnetic field. Therefore the
z-axis points approximately towards the electron beam (or at the forward part
of the detector), the x-axis points away from the accelerator ring and the y-axis
points upwards. Spherical coordinates φ, θ and r plus an additional radius ρ
are defined as well. ρ is the radius in the x-y plane (ρ =
√
x2 + y2) while r is
the radius of the spherical coordinates (r =
√
x2 + y2 + z2). The angle φ is the
azimuthal angle with respect to the z axis and φ = 0 at (x,y,z)=(1,0,0). θ is the
zenith angle and equals zero with respect to (x,y,z)=(0,0,1). All coordinates are
related to each other by the following equations:
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4440
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7700
Figure 1.4: Barrel part of the iron yoke[2]
sin(θ) = ρ/r (1.4)
cos(θ) = z/r (1.5)
sin(φ) = y/ρ (1.6)
cos(φ) = x/ρ (1.7)
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1.6 Interaction Region (IR)
This area is dominated by the magnets that steer and focus the beams. Belle
II uses five superconducting quadrupole magnets, three permanent quadrupole
magnets, two superconducting compensation solenoids and 32 superconduct-
ing corrector coils to focus the beam vertically and horizontally and also to com-
pensate for the solenoid magnetic field.
The magnets QC1RP and QC1LP are located closest to the IP and therefore
need to be built with significant space restrictions. The magnets operate at
1510.7 and 1232.3 A with field strengths of 2.70 and 3.98 T, and are used for
the final focus for the LER (e+) beam. The inner radius is 22 mm and this space
is reserved for the beam pipe feed-trough. The beam pipe is required to operate
at room temperature while the magnets operate at 4.5 K. With only 3.5 mm dis-
tance between those two components a good thermal design is required. The
most suitable solution is vacuum shielding as this form of insulation requires lit-
tle space. Drawings of the vacuum insulation part can be found in fig. 1.5 and
fig. 1.6.
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Figure 1.5: Top view of the vacuum system and positions of the magnets at the
right hand side of the IR[2]
1.7 Pixel Detector (PXD)
The pixel detector is the unit that is positioned closest to the beam pipe. The
beam pipe has a radius of 10 mm and the first layer of the PXD is positioned at a
radius of 14 mm with the second layer at 22 mm (fig. 1.7). At such close distance
to the beam pipe the silicon strip sensors would have too much occupancy1 to
allow a precise vertex reconstruction because the background increases roughly
1Occupancy is the fraction of channels with a particle signal at any random moment.
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Figure 1.6: Top view of the vacuum system and positions of the magnets at the
left hand side of the IR[2]
with the inverse square of the radius. A solution to create usable track data at
those tight radii is to insert a pixel detector. Those additional layers have much
more channels than a silicon detector and thus intrinsically a better occupancy.
This concept is successfully used at several detectors. The energy scale at Su-
perKEKB is much lower compared to CERN’s LHC and thus material thickness
is of more importance than it is at the LHC[2] due to larger multiple scattering at
lower energies. Conventional pixel detectors are equipped with amplifier elec-
tronics and digital logic, all of which require active cooling. This and the sensor
itself forms a package that would produce too much scattering and make vertex
reconstruction virtually impossible. Thus a new pixel detector concept is applied
for the Belle II PXD. DEPFET (DEPleted Field Effect Transistor) pixel detectors
which are sensors with a base material thickness of 75 µm. They have all elec-
tronics that require active cooling sitting outside of the acceptance region. The
sensor itself dissipates only little heat and can be cooled by a cold airflow.
The innermost layer of the PXD includes 8 planar sensors, each having a
width of 15 mm and a sensitive length of 90 mm. The outer layer holds 12 sen-
sors that have 15 mm of width and 123 mm of sensitive area length. These
lengths are chosen so that the PXD covers the entire acceptance region of the
tracker (from 17 degrees in the forward region of the detector up to 150 de-
grees in the backward region of the detector). The pixel detector itself is directly
mounted to the beam pipe as opposed to the SVD that will be fixed onto the
CDC. This design offers the option to operate the SVD without the PXD with
shorter service intervals for the installation of the PXD. The operation mode is
necessary especially during commissioning of the machine where an untuned
beam would result in levels of background that could damage the PXD.
The beam pipe is cooled to around 14 ◦C while the PXD is cooled to -20 ◦C. This
gradient requires careful engineering to avoid too much influence on the beam
pipe cooling system. The beam pipe is cooled with a paraffin oil that increases
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Figure 1.7: DEPFET pixel detector layout, showing both layers and the sensor
surface (light gray colored)[2]
its viscosity with falling temperatures. The PXD cooling block is close to the
beam pipe and the support structure contacts the beam pipe directly. This could
lead to a decrease of the paraffin temperature and subsequently to cooling fail-
ure of the beam pipe due to clogged cooling channels.
From a mechanical point of view the PXD faces other challenges besides the
space restraint. The PXD electronics sit at the end of each ladder and thus
cooling is required there. This creates the need to implement a pattern of cool-
ing channels in the support structure to make the device ready for CO2 cooling.
Given the complex structure of the support, the only feasible way to implement
such channels is by selective laser sintering. Another aspect is the assembly
of the PXD and the beam pipe since there is a CTE mismatch of a factor 5
between the silicon and the beryllium of which the central section of the beam
pipe is made. Each ladder is mounted on the cooling block with the possibility
to compensate a shrinkage and movement of the beam pipe in order to reduce
the stress on the modules.
The PXD electronics are bump soldered at each end of a ladder (outside the
active volume) and the signals are routed from there via a Kapton cables to the
Data Handling Hybrids, where the data streams are fed via optical fiber to the
data acquisition (DAQ). The complete PXD assembly can be seen in fig. 1.8.
Data from the SVD are required to find the regions of interest and engage in
PXD data reduction. This is due to the high particle flux through the PXD detec-
tor and its rather long integration time of 20 µs - three orders of magnitude higher
than the sensitive time window of the SVD after hit time reconstruction. The data
recorded by the PXD is highly valuable for a precise vertex reconstruction.
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Figure 1.8: DEPFET pixel detector in detail, showing the sensors, readout elec-
tronics, cabling, cooling, beam pipe fixtures and the beam pipe
1.8 SVD
The Belle II Silicon Vertex Detector (SVD) is a device to reconstruct the vertices
of B decays (together with CDC and PXD data). Compared to the Belle SVD, it
is completely redesigned to cope with the increased luminosity and background.
Besides measuring the mixing-induced CP asymmetry, other decay channels for
D-meson and τ -lepton decays can also be recorded.
The SuperKEKB machine collides positrons and electrons with an energy of
4 GeV and 7 GeV respectively, which results in a Lorentz boost factor of the
center-of-mass system of βγ = 0.28 [2]. This is about two-thirds lower than it
previously was at KEKB, resulting in less separation between the B vertices.
Due to the lower diameter of the beam pipe (10 mm), and therefore a closer
proximity of the vertexing devices to the IP, the measurement performance is
expected to be better compared to the Belle experiment.
The SVD needs to cover the whole Belle II angular acceptance of 17◦ < θ <
150◦ while keeping the amount of sensors and additional devices as low as pos-
sible to reduce material, costs and required readout channels.
A further goal for the SVD is the reduction of occupancy2 to less than 10%
to assure proper track reconstruction with the data provided by the CDC and to
assist the PXD with vertex reconstruction by eliminating background hits. At a
trigger rate of 30 kHz it is expected to operate efficiently with a very low dead-
time, which improves data recording at high beam-background rates. Estimates
suggest a 20 times higher background rate due to the increased luminosity.
2Occupancy is defined as the average percentage of strips that measure a signal above the
threshold at any time.
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Figure 1.9: Sensor shapes, positions and the number of APV25 Chips that are
required for the sensor read-out[2]
A different approach compared to the Belle SVD2 is required to cope with
these new requirements. Double-sided silicon strip detectors are used in the
four layers with 3 different sensor types. Two rectangular shaped detectors with
different widths are used in the barrel part of the SVD and wedge shaped sen-
sors that cover the forward region as seen in fig. 1.9. A front-end chip with a fast
shaping time is necessary compared to the previous SVD2 VA1TA to suppress
a good amount of background hits. The chip of choice is the APV25[8] which
has a nominal shaping time of 50 ns. This chip has 128 identical channels of
low-noise pre-amplifiers followed by a shaper stage. The number of channels
of the APV25 dictates the number of strips on the sensor. To efficiently use the
chips the sensor needs a certain amount of strips: 128 times the number of
APVs used for the readout of this specific sensor. With a given width of a strip
the required width of the sensor can be determined. Each APV channel has an
analogue pipeline (ring buffer) that is capable of labeling 32 cells pending for
readout. This design was found to be compatible with the Belle II trigger and
data acquisition scheme. Together with the radiation hardness of the chip up to
an integrated dose of beyond 100 MRad this chip fits all requirements and was
therefore decided to be used for the Belle II SVD.
SuperKEKB operates at asymmetric energies and thus generates a forward
boost in the center-of-mass frame. This forward boost is included in the ac-
ceptance angle and needs to be covered by the detector. In order to optimize
the coverage while maintaining a relatively low number of readout channels, the
SVD has slanted sensors in the very forward region. This reduces the numbers
of sensors required and saves at least one sensor in each ladder in the 3 outer-
most layers compared to a design where the whole detector was barrel shaped.
With 1280 channels per sensor this means that the readout has to handle 51240
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channels less thanks to the slanted choice. The slanted sensors still produce
hit information with sufficient precision for vertex reconstruction. Moreover, the
material traversed by very forward particles is significantly reduced, resulting in
reduced multiple scattering and thus better physics performance.
1.8.1 Detector Layout
The SVD consists of 4 layers starting with a numbering from ”layer 3” to ”layer
6”. The two innermost Pixel layers are given the name layer 1 and layer 2.
The SVD has a ”windmill” geometry with a certain overlap at the sensor
edges which is necessary for ladder alignment with cosmic muons during com-
missioning. Later during the experiment this alignment will be improved with
data from tracks that originate from the interaction point. The windmill angle
is chosen to optimize the cluster size by optimizing the hole and electron drift
angles which is influenced by the external magnetic field. Table 1.2 shows the
overlaps of the ladders in all 4 layers.
The windmill geometry has changed since the release of the Belle II Technical
Design Report (Version: 1.5, 1. November 2010). Those changes are discussed
later in section 1.8.2.
Active sensor width [mm] Overlap [mm] Overlap %
Layer 3 ≈37.65 2.2 5.9
Layer 4 57.6 10.1 17.6
Layer 5 57.6 2.9 5.1
Layer 6 57.6 6.2 10.8
Table 1.2: Overlap of the SVD layers that can be used for alignment
The overlap is measured as seen in fig. 1.8.1. The overlap should be mea-
sured in terms of real tracks which are described by curves. For the design stage
the tracks were assumed to be linear trajectories (or tracks without a magnetic
field). By using this simplification it is enough to draw straight lines from the
interaction point to the sensor edges and extending those lines until they inter-
sect with the other sensor to find the overlap. The distance between those two
lines in the two sensor planes results in two numbers where only the inactive
area needs to be subtracted. Adding up those two numbers and setting them
in relation to the overall active sensor width results in the relative overlap. This
relative overlap offers the designer a better understanding for the parameters
needed to be tuned to reduce the overlap to a feasible amount. Considering
straight trajectories is a relatively safe approach to calculate the overlap since
it is mainly required for alignment. This alignment is initially done with cosmic
muons, which pass the detector in straight trajectories.
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Figure 1.10: Graphical determination of sensor overlap in layer 6
General considerations for the overlap should include the following thoughts.
The smaller the overlap, the less material is inside the detector. This reduces
multiple scattering and thus increases the vertexing capabilities of the SVD. If
the overlap is too small, then alignment suffers from the reduced cross section.
Much longer run times are required in this case to produce enough statistics.
The SVD layout requires to have more than 5 % overlap but practically the over-
lap is imposed by the mechanics.
The slanted part of the detector requires trapezoidal sensors. At the current
stage of development only one trapezoidal sensor shape is foreseen for all three
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Figure 1.11: Sensor configuration in forward direction including the additional
PXD layers[2]
layers that feature a slant angle. The sensor has a variable pitch and the opti-
mum slant angles in each layer is calculated. For the calculation of the sensors
angle, the windmill angle is neglected. The strips (if extended) would intersect
with the beam axis. Since the windmill angle is not incorporated in this equation
there is a slight offset from this ideal calculation but this is negligible.
Table 1.3 summarizes detector parameters of the Belle II SVD. Table 1.4
describes the geometric parameters used for the ladder design, where ladder
height is defined as the difference in radius between the forward and backward
mount hole of the ladder.
Layer Ladders Sensors Sensors RO chips RO chips
/ladder /sensor
6 16 5 80 10 800
5 12 4 48 10 480
4 10 3 30 10 300
3 7 2 14 12 168
Sum 49 187 1748
Table 1.3: Fundamental SVD parameters from which many boundary conditions
are deducted
1.8.2 Windmill Structure
The Belle II detector has a magnetic field that is created by the solenoid mag-
net. The central magnetic field vector ~B coincides with the z axis which points
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Layer Radius Ladder length Ladder height Angle
[mm] [mm] [mm] (◦)
6 135 644 46 21.1
5 104 521.5 34 16.0
4 80 398.5 26.0 11.9
3 38 285 0 0
Table 1.4: Current ladder dimensions where the length and height are mea-
sured at the ladders inserts (see 2.6). Ladder 3 does not have a slant angle nor
height due to its straight design
towards the forward side of the detector (see 1.5). The Lorentz force (eqn. 1.8)
acts on the moving charge carriers and changes their paths compared to a field
free scenario. Once a particle traverses a silicon detector, it generates free
charges that move along the electric and magnetic field lines according to:
~F = q ~E + q(~v × ~B) (1.8)
This electric field is formed by the bias voltage applied to the p+ strips and n+
strips which are implanted into the sensor. The positive and negative charges
begin to move and induce mirror charges of equal magnitude on the electrodes
instantly creating a current pulse. This pulse is measured by the readout elec-
tronics on several strips with varying amplitude. The strip closest to the particle
trajectory will receive the highest current. One problem is the different pulse
duration for electrons and holes since the electrons are able to move faster. In
a 300 µm double-sided silicon detector with 50 µm pitch the current pulse dura-
tion of the electrons is about 10 ns while the hole current pulse duration is about
25 ns [9]. Velocity and thus time are depending on the mobility µ of the charges.
The mobility for holes µh is about 1/3 of the electrons mobility (µe). If a ~B-field is
applied the charges do not exactly follow the ~E-field lines and the Lorentz-force
acts on the charges and spreads them out as shown in fig.1.12.
This angular deviation is also called Lorentz-angle and is calculated with:
tan(ΘL) = µ| ~B| = rHµ| ~B| (1.9)
The important factor in this equation is the Hall scattering factor rH = µH/µ
describing the relation between the drift mobility in a magnetic field µh and the
drift mobility without a field µ. For electrons rH ≈ 1.15 and for holes rH ≈ 0.7 at
room temperature. This difference results in a smaller angle ΘL for holes. Due
to the weighting field [10] holes have a stronger influence on the signal than the
electrons. Therefore it is necessary to optimize the Lorentz-angle to minimize
the holes’ cluster size. This can be achieved through a tilt of the sensor that is
large enough that the drift direction imposed by the electric field compensates
the angular drift caused by the magnetic field (fig.1.13).
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Figure 1.13: Tilt of a sensor to compensate the drift of holes caused by the
Lorentz-force[10].
1.8.3 Silicon Detectors
Gas detectors used to be the best choice for measuring particle tracks before the
utilization of semiconducting detectors. Gas detectors still have a very important
role in modern detectors because they are relatively cheap and can cover larger
volumes with sufficient track data precision for a wide energy range of charged
particles. For high precision measurements close to the interaction region semi-
conductor detectors yield a better resolution than gas detectors with a resolution
of 10 µm and below[11]. With more advanced technology it is also possible to
read out a sensor with full 2D information of a traversing particle. Nowadays sil-
icon detectors are found in every modern particle detector, mainly in the center
to keep costs lower and improve the vertex reconstruction.
1.8. SVD 19
The most significant attributes of silicon detectors are the following[12]:
• A small band gap (1.12 eV at room temperature): This leads to a large
number of charge carriers per unit of energy loss of the traversing ionizing
particles. Compared to gas detectors the average energy for creating an
electron-hole pair (3.6 eV) is an order of magnitude smaller.
• The high density of the solid semiconductor material leads to a large en-
ergy loss per unit of length for traversing particles. This enables the use of
thin sensors that yield enough signal for a precise measurement.
• Electrons and holes can move almost freely with a mobility of electrons at
µn = 1450 cm
2/Vs and holes at µp = 450cm2/Vs. Therefore the charge can
be collected rapidly within ∼ 10 ns.
• The stiff and rigid material assists the construction of self-supporting de-
vices or gives the ability to enhance mechanical support constructions.
Principle of Operation
Extrinsic semiconductors are mainly used to build radiation and energy detec-
tors. This kind of semiconductor results from doping the base material with
materials adding excess electrons in the conduction band (n-type) or with holes
in the valence band (p-type) as shown in fig.1.14. N-type semiconductors can
be produced by adding an arsenic atom to the covalent bond of the silicon base
material. This way four electrons of the arsenic bond to four silicon atoms with
the excess of one electron that is free for conduction. A p-type semiconductor
is created when one silicon atom is replaced by e.g. boron which has only three
valence electrons, thus creating a hole that is free for conduction.
Figure 1.14: P-type with boron (a), n-type with arsenic in silicon base
material.[11]
If a p and a n-type semiconductor are combined, they form a p-n diode junc-
tion which is in a thermal equilibrium. This fact is important for the following
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considerations. The junction requires the Fermi-energy to adapt in the contact
zone when in thermal equilibrium and results in a diffusion of electrons into the
p region and holes into the n region (fig.1.15). The surplus of charges created
in the outer ends of the structure leads to an electric field that counteracts the
diffusion and clears the boundary region from charge carriers. This region is
called the depleted zone.[12]
...Electron acceptor
...Electron donor
...Conduction electron
...Free conduction hole
...Single unoccupied state (e-)
...Single unoccupied state (hole)
Figure 1.15: p-n diode junction showing the depletion layer and the band model
representing the adapted Fermi-energy in this zone. [11]
In case of an external voltage, the semiconductor reacts differently. Depend-
ing on the polarity of the source, the semiconductor forms one of two states
- forward biased or reverse biased. In case of a forward bias, the anode is
contacted to the p-doped zone and the cathode is connected to the n-doped
zone. In this state diffusing holes and electrons are compensated by the exter-
nal source, thus reducing the depletion layer by lowering the internal potential
barrier. Because of that it is easier for charges to diffuse through the p-n junc-
tion, creating high diffusion currents. The drift currents stay unaltered which
results in an overall high current passing through the p-n junction. That current
is called recombination current.
Another state is the reverse bias, where the polarity is inverse to the forward
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bias. Thereby the depletion layer is widened resulting in a higher potential barrier
which suppresses the diffusion. There is almost no current flowing through the
p-n junction except for thermally generated charge carrier pairs. Those charges
are called leakage current.
The current through the p-n junction with an external potential V is described by
the Shockley equation[11]:
I = I0 ·
[
exp
(
eV
kT
)
− 1
]
(1.10)
In this equation I0 is the reverse saturation current. In forward bias direction,
where V > 0, the current is increasing exponentially with the external voltage.
For a reverse bias V < 0 the Shockley equation shows that the current is limited
by the reverse saturation current I0. With an increase of negative voltage the
semiconductor can reach the breakthrough voltage where a current flows again
because bound electrons are raised to the conduction band. This is however
not described by the Shockley equation.
In semiconductor detectors, the p-n junction is used to measure the signal of an
ionizing particle. A detector typically uses an n-type substrate with a thickness
of ≈ 300− 500µm and has thin p-type implants. The bias voltage that is applied
removes all free charge carriers from the n-zone. It is possible to estimate the
full depletion voltage or the thickness of the depletion layer (W ) by using:
W ≈
√
20rµρ | V | (1.11)
ρ is the specific resistance of the n-substrate and can be expressed as:
ρ =
1
eµNeff
(1.12)
V is the operating voltage, µ is the mobility of the majority charge carriers
(electrons) in the n-substrate, 0 is the dielectric constant of vacuum, r is the rel-
ative permittivity andNeff stands for the doping concentration of the n-substrate.
Only when a detector is fully depleted it is possible to use the whole n-substrate
as an active volume to detect ionizing particles. Those create electron-hole pairs
(e−h+) and their motion in the bulk induces a mirror charge at the electrodes.
This current can be measured by the detector readout electronics. Fig. 1.16
shows the basic operation of a strip detector.
1.8.4 Belle II Silicon Detectors
The Belle II SVD consists of three different sensor shapes. All of them are
double-sided silicon strip detectors (DSSDs) but differ in geometry and size. For
the barrel part, the sensors are rectangular, where the 3 outer layers are wider
compared to the innermost SVD layer but keep the same length because both
sensors are produced from 6” wafers. The slanted sensor geometry needs to be
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Figure 1.16: An ionizing particle traverses the sensor and creates electron-hole
pairs. The bias voltage separates the holes from the electrons.[11]
adapted to suit the slant angles of the ladders. Therefore a trapezoidal shape
was chosen.
The material budget is kept as low as possible by using double sided sensors, to
reduce the effects of multiple scattering. This way a good position resolution is
ensured requiring only one 320 µm thick sensor to resolve r and φ coordinates.
Sensors used in the barrel and slanted region are using n-type doped silicon
with a resistivity of approximately 8 kΩcm. Table 1.5 shows a comparison of the
sensor specifications. All sensors benefit from special processing procedures
to provide sufficient electrical strip separation on the n-side. This is achieved by
using a p-on-n manufacturing process with a p-stop blocking technique.
1.8.5 Origami Scheme
The Origami readout scheme is closely related to the front end electronics. The
APV25 front-end chip, which was developed for the CMS experiment at CERN,
fulfils the requirements of the Belle 2 SVD in terms of occupancy, dead time and
radiation hardness. The APV25 features a shaping time of 50 ns which reduces
the occupancy by a factor of 12.5 compared to the previous SVD. Due to its
clock frequency of 40 MHz and a 192 cells deep analog pipeline, the APV25
allows continuous readout at a rate of around 50 kHz with almost no dead time.
The faster shaping time and better time resolution comes at the price of higher
noise susceptibility. For a robust tracking a minimum cluster signal to noise ratio
(SNR) of 10 is required[13]. The sensor has a thickness of 300 or 320 µm and
thus the signal amplitude is limited. Therefore the noise has to be minimized.
1.9. DETECTOR DESIGN AND ASSOCIATED PHYSICS 23
Quantity Large Sensor Small Sensor Trapezoidal Sensor Units
Base material Si n-type 8 kΩcm
Active length 122.9 122.9 122.76 mm
Active width 57.72 38.40 57.59 ... 38.42 mm
Length 124.88 124.88 125.58 mm
Width 59.6 40.05 60,63 ... 41.02 mm
Full depletion voltage FD <120 40 V
Thickness 320 320 300 µm
# readout strips p-side 768 768 768
# readout strips n-side 512 768 512
Pitch p-side 75 50 75..50 µm
Pitch n-side 240 160 240 µm
Active area 7029.88 4737.80 5890 mm2
Active area rel. 94.5 93.9 92.3 %
Table 1.5: Sensor specification comparison between the large, small, rectan-
gular and trapezoidal sensors that are being used for the SVD[2].
For the APV25 the noise figure is given by ENC = 250e + 36e/pF. ENC stands for
the equivalent noise charge and gives the noise related to the input of the ampli-
fier. The first term in the ENC is fixed and can not be changed, the second term
is depends on the capacitive input load of the amplifier, which is correlated with
the sensor geometry and the length of the interconnections between the sensor
and the readout chip[13]. The geometry is defined by physics requirements and
therefore the only parameter left to optimize is the connection length. The clos-
est possible connection is directly wire-bonding the APV25 to the sensor. The
Origami scheme almost provides such a close connection and does not require
the sensor to be adapted in any way. The APV25 is placed on a Kapton R© hy-
brid flex on top of the sensor with an intermediate Airex R© layer which provides
electrical and thermal isolation. The sensor n-side (top) is bonded to the APV25
chips through small, planar pitch adapters while the p-side (bottom) strips are
connected to the chips by a flex pitch adapters which are bent around the edge
of the sensor. This connection is ideal from a signal point of view, but it slightly
increases the material budget compared to a conventional readout (the chips
are now located in the active region) and it has a major influence on the me-
chanical design and cooling design. Fig. 1.17 shows the concept of an Origami
module.
1.9 Detector Design and Associated Physics
There are different types of detector systems. There are detectors reconstruct-
ing tracks (called tracking devices) of charged particles, detectors for identifying
particles and detectors for measuring energy (called calorimeter). Calorimeters
are designed to stop high energy particles and measure the energy that is de-
24 CHAPTER 1. THE BELLE EXPERIMENT
a) T op view:
b) Side view (cross section):
side view (below)
APV25 chips
(thinned to 100µm)
3-layer kapton hybrid
(integrated) fanout for n-side (z)
DSSD
single-layer fle x
wrapped to p-side (r-phi)
cooling pipe
CF sandwich ribs
(mech. support)
APV25
(thinned to 100µm)
CF sandwich ribs
(mech. support)
cooling pipe
DSSD
Airex l
Kapton
wrapped
flex fanout
Figure 1.17: Origami concept drawing[2]
posited in them. Without going into the details of different kinds of calorimeters
and their functionality, it is generally understood that calorimeters need to absorb
particles and produce showers. The total energy of the absorbed particle is mea-
sured. This is usually done by using heavy materials that can be used for direct
readout, like lead glass, for electromagnetic calorimeters. Hadron calorimeters
exclusively use sampling techniques which are sandwich constructions of heavy
absorbing materials like lead and the active signal readout. Liquid or solid scin-
tillators are often chosen as the active component. In principle, both calorimeter
diameters scale with the radiation length of the materials that are being used.
In order to contain as many particles and jets as possible within a calorimeter
it is necessary to use materials with a very short radiation length to reduce the
dimensions of the device[14].
Track reconstruction works differently. The goal here, in general, is to use
materials with the largest possible radiation length. This ensures that a particle
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leaves a signal in the detector while at the same time effects like scattering
or absorption are minimized. In order to reconstruct vertices and decay times
it is crucial to reduce multiple scattering and avoid an increase of the impact
parameter resolution.
1.9.1 Radiation Length
The radiation length X0 is an important parameter for the design of radiation
detectors and its mechanical structure. It is important to keep this parameter
as large as possible for tracking detectors. X0 is measured in gcm−2 and is
defined as the mean distance in which a high-energy electron (& 10 MeV) loses
all but 1/e of its energy by bremsstrahlung and 7/9 of the mean free path for pair
production by high-energy photons[15]. X0 can be calculated using Y.S. Tsai’s
equation:
1
X0
= 4αr2e
NA
A
{Z2[Lrad − f(Z)] + ZL′rad} (1.13)
A is the atomic mass of the absorber and is written in units of [g mol−1].
The constants α (Fine structure constant), re (Classical electron radius), NA
(Avogadro’s number) and A are pulled together and written as 4αr2eNA/A =
(716.408 g cm−2)−1. L and L′ are tabulated values and f(Z) is a function that is
represented up to 4-digit accuracy by eqn. 1.14 for elements up to uranium.
f(Z) = (αZ)2[(1 + (αZ)2)−1 + 0.20206− 0.0369(αZ)2 + 0.0083(αZ)4− 0.002(αZ)6]
(1.14)
Eqn. 1.13 can be further simplified by Dahl’s fit to the equation which elimi-
nates the functional dependence f(Z) and the parameters Lrad, L′rad.
X0 =
716.4A
Z(Z + 1) log(287/
√
Z)
(1.15)
According to the Particle Data Group [15], this approximation agrees better
than 2.5% with Tsai’s values for all elements but Helium.
The radiation length of compounds is approximated by building the sum over all
the fractions of weight (wj) and radiation length from each constituting compo-
nent (eqn. 1.16).
1
X0
=
∑
j
wj
Xj
(1.16)
X0 is an important factor as mentioned earlier because it is also related to
multiple scattering.
1.9.2 Multiple Scattering
When a charged particle traverses a volume, it is deflected by many small an-
gles, mostly due to Coulomb scattering from nuclei. The Coulomb scattering
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distribution is roughly Gaussian for small deflection angles. When the angles
become larger than a few Θ0, then the process is best described with Ruther-
ford scattering.
Θ0 = Θ
rms
plane =
1√
2
Θrmsspace (1.17)
For this definition of Θ0 it is sufficient to use a Gaussian approximation for the
central 98% of the projected angular distribution. The width of the distribution is
given by eqn.1.18 [15].
Θ0 =
13.6MeV
βcp
z
√
x/X0[1 + 0.038 ln(x/X0)] (1.18)
In this equation p, βc and z are the momentum, velocity and charge number
of the incident particle. x/X0 is the thickness of the scattering medium in terms
of radiation length.
This formula states that a material with a large radiation length (X0) will generate
a smaller scattering angle and thus provides a better basis for track reconstruc-
tion and fitting. Because of this correlation, the Belle 2 SVD is designed to have
the lowest possible material budget.
1.9.3 Impact Parameter Resolution
Belle 2 has a strong focus on reconstructing the decay points of B mesons in
order to measure the time-dependent CP violation. The vertex detector needs
to have a good impact parameter resolution (IPR) to match the trajectories to
the decay vertices. Due to the increased luminosity of the SuperKEKB acceler-
ator the detector becomes saturated with background and thus overlapping hits
are created that need to be filtered out to maintain a good resolution. This can
only be achieved by an excellent impact parameter resolution. Modern detectors
have already an intrinsic resolution where further improvement of e.g. the strip
pitch does not improve the impact parameter resolution much further, therefore
other improvements are necessary[16].
IPR Definition
With simplified conditions, the IPR can be explained more easily for a faster
understanding. Fig.1.18 shows a simple approach to the IPR that allows to
approximate a particle track as a linear fit through hits measured at the layers of
the detector with the radii ri.
The track is described by a linear fit:
f(r) = r · s+ t (1.19)
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Figure 1.18: IPR definition in a simplified model without a magnetic field [17]
This equation holds the term t that describes the offset of the line origin from
the real vertex. The impact parameter resolution σd0 is defined as the error of
this offset. σd0 is given by the following equation:
σd0 =
√
Σ(Σr2| − riΣrk)2
nΣr2i − Σr|Σrk
σSP = a (1.20)
σSP is the single point deviation. If a material is present (silicon sensors, struc-
tural material), then σd0 needs to be extended by a term that accounts for scat-
tering at thin layers according to eqn. 1.18.
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 pipe
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Figure 1.19: Scattering at thin layers [17]
Fig. 1.19 shows the dependencies needed for the calculation. This scattering
process can be described by eqn. 1.21.
σd0 =
r1
sin Θ
tanω (1.21)
sin Θ is a term used to describe the scattering of particles that traverse the
material in other angles than pi/2 where ω is the scattering angle. Eqn. 1.18 and
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eqn. 1.21 put together lead to a formula describing the deviation of the impact
parameter in terms of material budget.
σd0 ≈
1
cp sin Θ
√
sin Θ
r113.6MeV
√
x
X0
(
1 + 0.038 ln
(
x
sin ΘX0
)]
(1.22)
The above equation will be shortened in terms of b to give a better overview:
σd0 ≈
1
cp sin Θ
√
sin Θ
b (1.23)
Combining the track dependent IPR with scattering results in the resolution
function:
σd0 =
√
a2 +
b2
p2 sin3 Θ
(1.24)
The unit of a is [µm], the unit of b is [µm ·GeV ] and p stands for the momentum
in units of [GeV ].
From this simplified equation we can deduce, that with a given detector layout
(dictated by the measurement) the most crucial parameter that can be optimized
to yield a better IPR is the material budget. This whole thesis is dedicated to the
design of a detector where the material budget is minimized wherever possible
to reduce multiple scattering and consequently improving the impact parameter
resolution and thus the vertex reconstruction.
Chapter 2
Mechanics
2.1 Introduction
The Belle II SVD is mechanically divided into several sub components. Fig. 2.1
shows an overview of the mechanical components and related design processes.
The main components are the carbon fiber ribs (the actual sensor support struc-
ture), the mount blocks, the end-rings, the support cones, the end-flanges and
the support shell. The mechanical structure is a mixture of materials and manu-
facturing methods selected for each individual purpose. The end-rings are man-
ufactured from stainless steel to suit the needs of precision and the integrated
cooling channels. Apart from the end-rings and and the mount-block the struc-
ture is built from carbon fiber composites. The support cones are designed as
a composite with several layers of carbon fiber while the ribs and support shell
are designed as sandwich composites. This is attributed to the superior per-
formance of sandwich composites in that specific application. This chapter will
describe the details of the design of those components and explain the material
choices.
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Figure 2.1: Overview of mechanical subsystems involved in the Belle II SVD and
their relations
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2.2 Sandwich Composites
A sandwich composite consists of a ply material that covers a core on at least
two sides. The core is the key component because it separates the load carrying
cover plies and therefore increases the area moment of inertia (eqn. 2.1).
Iy =
∫
A
z2dA (2.1)
This equation states that the area moment of inertia becomes larger if the cross
section area is increased. Increasing the cross section area does not neces-
sarily mean adding weight proportional to the thickness (z). Instead by using
the lighter materials to increase the cross section and stiff materials where the
strain is high, the weight stays low but the flexural strength of a beam rises sig-
nificantly. The area moment of inertia is directly related to the stress within a
beam, through eqn.2.2.
σ =
M
Iy
z (2.2)
With a given torque (M) that is applied to the beam in z direction, this equation
states that with an increased area moment of inertia, the stress within the beam
is reduced. This principle is essential for sandwich structures.
weight flexural rigidity
     1 1
1 (+ core) 12
d/
2
d/4
d/4
b
d
b
d
Figure 2.2: Comparison of weight to stiffness between solid beam and sandwich
beam[18]
In fig. 2.2 two beams are shown where the second beam has the same
amount of ”heavy” material as the first one with an additional lightweight core
that separates both layers. It is remarkable that the flexural rigidity of the sand-
wich beam is 12 times better with only a small amount of additional weight.
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Forces that are applied perpendicular to the cover surface are transferred into
the core which therefore has to be resilient against shear forces. Because of
this characteristic the cover plies support the loads through tension and com-
pression while the core ensures that the distance between plies and the neutral
fiber of the core is maintained. For a symmetrical layup the flexural rigidity D
[Nm] is calculated with the following equation[18]:
D = Ef
bt3
6
+ Ef
btd2
2
+ Ec
bc3
12
(2.3)
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Figure 2.3: The drawing shows the dimensions needed for rigidity
calculation[18].
In eqn. 2.3 c represents the core thickness, t stands for the ply thickness, d
is the distance between the core plies and b is the core width. Ef and Ec are
the Young’s modulus of the face plies and core. This can be seen in fig. 2.3.
Eqn. 2.3 represents the correlation between the flexural rigidity and the core
thickness in dependency to the ply thickness. This equation will be simplified
for an easier calculation and better understanding. If the distance between the
layers is ≈ 6 times bigger than the ply thickness then the first term amounts for
less then 1 % of the second term. This condition is fulfilled for most sandwich
structures. In fact it shows that the core thickness for the proposed structure of
the Belle II SVD is 31 times thicker than the plies. A similar simplification can be
applied to the third term.
Ef
Ec
· td
2
c3
> 16.7 (2.4)
If condition eqn. 2.4 is fulfilled, the whole eqn. 2.3 can be reduced to eqn. 2.5
because the third term amounts for less then 1 % to the second term.
D = Ef
btd2
2
(2.5)
Equation 2.5 shows that the distance between the plies, which is depending
on the core-thickness, has much more influence on the stiffness of the sandwich
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then the ply-thickness. If the core is lightweight and at the same time exhibits a
high compression and shear strength, the sandwich composite is very stiff and
has a very little weight compared to a non-sandwich composite body with the
same stiffness.
On the downside sandwich structures are susceptible to cover ply damage through
locally induced force peaks, such as a sharp edge indenting the plies or even a
blunt object that creates enough pressure. The later case usually leads to de-
lamination between the core and the plies or fracture of the fibers since the core
is not able to withstand the high compression forces regular laminates would
withstand. In the worst case this results in a structural failure of the sandwich
and a collapse of the structure. The carbon fiber ribs of the SVD are not in
danger of such damage during operation. During the time of the assembly and
installation of the ribs, special care has to be taken to ensure that the fibers
of the ribs are not cracked. On the other hand, the support shell of the SVD
is in much more danger of being damaged. This shell has to support a heavy
load during installation and has to deal with dynamic forces. As of February 2nd
2012, the installation scenario designed by KEK engineers, foresees bearings
on which the SVD support shell will be rested and guided during the insertion
into the CDC[19]. This procedure is in principle very risky, as it can lead to the
earlier mentioned delamination and the inherent risk of structural failure. A dif-
ferent installation procedure that would not require such bearings is designed by
DESY Hamburg.
2.3 Materials
The Belle II SVD mechanical structure is a mixture of several materials. Besides
the traditional engineering materials like stainless steel and aluminium which
are used for several components of the SVD, a special emphasis has been put
on the use of carbon fiber composites. The following section will describe their
properties and line out the reason why those fibers are currently favored for
modern high performance applications.
2.3.1 Carbon Fiber
The need for carbon fibers arose at the end of the 1950s when glass fibers
were not stiff enough for many new engineering problems. During the 1970s the
production procedure matured and almost all fibers were produced with PAN
(Polyacrylnitril) as the organic base material. The process involved the decom-
position of the preformed PAN fiber. The creation of carbon fibers involves a 5
step process[20].
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• The first step converts the PAN fiber into a thermally stable material that
does not melt.
• The second step carbonizes the fiber at temperatures of around 1500
◦C where non carbon atoms are separated from the fiber and a mass of
around 50% of the original fiber remains.
• In step three the fibers are graphitized at temperatures between 1200 and
3000 ◦C. This process aligns the graphite planes along the fiber axis. With
this process it is possible to create a tailored Young’s modulus. At lower
temperatures the fiber will form to be a high-strength fiber while at high
temperatures the fiber will have a higher modulus combined with a higher
density.
• The fourth step in the production line is the oxidation of the fibers surface.
Its oxide layer reacts chemically with the matrix system and generates a
better bond between the fiber and the matrix.
• The fifth step is optional and includes the treatment of the fiber surface with
modified epoxy resins to create a facing that improves fiber properties for
different applications such as the use in combination with PEEK (Polyether
ether ketone) as the matrix.
Mechanical Properties
Carbon fibers have a lower mass compared to glass fibers and at the same time
a higher stiffness. When designing with carbon fibers it is important to keep in
mind that their properties are anisotropic and that the Young’s modulus along
the fiber axis is roughly the order of a magnitude larger than perpendicular to
the fiber axis. Fibers also have an anisotropic coefficient of thermal expansion.
The CTE is negative in fiber direction and positive perpendicular to the fiber di-
rection. This attribute helps the engineer to design composite beams that have
a CTE of α = 0. One advantage that makes CF desirable for particle physics
is that they have a good transparency for x-rays and feature a high radiation
length. The fibers are not susceptible to any significant radiation damage[21].
A wide range - from high strength to high modulus - of fibers is available. A suit-
able fiber that fulfils the projects requirements must be selected from this range.
For applications where only small deformations are acceptable, high modulus
fibers are preferable. On the other side high tenacity/high strength fibers are
used for applications that have strong requirements for tensile strength. Apart
from those extremes there are several fiber grades for applications where an
intermediate solution is required.
CF exhibits interesting attributes in extreme operating conditions. For one, the
stiffness increases by roughly 10% when the tension on the fiber reaches the
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breaking point. Furthermore the fibers keep their high strength value under dy-
namic loads which makes them far more resistant to fatigue compared to e.g.
Aluminum.
HT- ST- IM- HM- UHM-
Fiber Fiber Fiber Fiber Fiber
E-Modulus along E‖ [N/mm2] 230000 245000 294000 392000 450000
E-Modulus perp. E⊥ [N/mm2] 28000 15200
Shear Modulus G [N/mm2] 50000 28600
Tensile Strength [N/mm2] 3430 4510 4210 2450 2150
CTE αT‖ [10−6/◦C] -0.455 -1.08
CTE perpendicular αT⊥ [10−6/◦C] 12.5 31
Density [g/cm3] 1.74 1.8 1.74 1.81 1.9
Table 2.1: Properties of various carbon fiber types. Those values can be used for
a crude selection of the proper fiber for a specific application. It is necessary to
validate any calculation with data sheet values from the fiber manufacturer.[20]
Carbon fibers are conductive with a specific electrical resistance of 8 (High-
Modulus) and 20 (High-Tensile) Ωmm2m [20]. This can lead to serious problems
if fibers are sticking out of laminates and contact biased components. Typically
this becomes apparent when short circuits or resistance heating of the fiber ap-
pears. Resistance heating softens the matrix and in the worst case leads to
composite failure. Short circuits are more dangerous for the electronic compo-
nent attached to the carbon fiber than for the composite itself, as long as the
electrical current through the short circuit stays small. To avoid such incidents
all carbon structures are required to be isolated against electrical components.
This isolation can be an additional layer of coating on the fiber that is not tem-
pered with after application. If isolation is crucial, e.g. in the case of the SVD
where the sensors have supply voltage contact pads and wire bonds are con-
nected directly onto the support structure, other methods apart from coating
should be applied. Dielectric film strips between the carbon fiber and the sensor
are sufficient but the conductive fiber and the thin film form a capacitor that has
negative effects on the signal quality. The formula for a plate capacitor can be
used to contemplate the options to reduce this effect. For a plate capacitor the
capacity C is calculated with the following equation:
C = Air
A
d
(2.6)
This equation shows that with a given fixed area A and a relative permittivity
Air ≈ 1.00059 the only factor left to minimize the capacity is the distance d and
therefore d needs to be increased. Another possibility is to reduce the effective
area.
Because d is very small in the case of a dielectric film isolation, the SVD uses
a different method. Both factors A and d are changed to suit the application: A is
36 CHAPTER 2. MECHANICS
decreased while d is increased. This is achieved by forming some extensions on
the SVD support ribs and remove the carbon fiber from those extensions. This
leaves the non-conductive Airex core on which the sensors are glued. Those
extensions are shown in fig. 2.4.
Figure 2.4: A rendering of a single carbon fiber rib (black) that shows the core
extensions (white) where the sensors are attached to
2.3.2 Matrix Systems
Even though the matrix of a composite material does not exhibit the same
strength and mechanical properties as fibers, they are essential for a rigid com-
ponent. The matrix is in principle the glue that binds the fibers. Of course this
implies a whole set of features that makes composite materials strong and ver-
satile. The main features of matrix systems are[20]:
• They fix fibers to the required geometry and act as a spacer for the abra-
sion susceptible fibers
• They transfer the loads to the fibers and spread the loads within the fibers
• They support the fiber against buckling
• They fuse layers of fibers with each other to transfer loads into deeper
layers
• They protect fibers from abrasion, radiation and other external influences
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A composite is largely influenced by the choice of the matrix system. The
matrix systems widely used are usually of polymeric nature, like thermosetting
resins, thermoplastic resins or elastomer materials. Each of those systems has
its own distinctive properties which makes them suitable for their specific appli-
cation. In the case of the SVD it is necessary to use a matrix system that is
reliable, well tested and suitable for production processes focusing on an output
of only a few pieces. Since a high stiffness is required, which is usually an at-
tribute of brittle materials, thermosetting resins are the preferred choice for this
specific application.
Thermosetting polymers are the most widely used resins and have been well
known for a long time. According to the IUPAC Recommendations[22] a ther-
moset is defined as:
thermosetting polymer
Prepolymer in a soft solid or viscous state that changes irreversibly
into an infusible, insoluble polymer network by curing.
Note 1: Curing can be induced by the action of heat or suitable radi-
ation, or both.
Note 2: A cured thermosetting polymer is called a thermoset.
Epoxy resins are members of the thermoset family. The process of creating
a thermoset with an epoxy resin requires a hardener. Once the resin and the
hardener are mixed, the epoxide group reacts with the amine group and forms
a covalent bond. The cured epoxy is heavily cross-linked1 and thus results in
a strong and rigid compound. The curing process is usually initialized by ap-
plying heat. Below a certain temperature epoxy resins do not fuse together.
This characteristic is used for prepreg laminates. They are impregnated with
epoxy/hardener mix and are stored at low temperatures. At room temperature
the resin becomes viscous again and a prepreg in this stage can be used and
draped easily into the tools[20].
2.3.3 Core Material
Many core materials are available to choose from but only a few are suitable for
the application in a radiation environment. Applicable options are Nomex R© hon-
eycomb Rohacell R© and Airex R© cores. Nomex provides a radiation hard material
that can handle up to 6400 Mrad total ionizing dose (TID). At this dose the ten-
sile strength suffers a decrease of 31%[23]. The design TID for the Belle II
detector is 30 Mrad. At this dose the tensile strength does not suffer at all.
However, the size of the support structure and the difficulties to machine such
1Cross-linking is the process where several polymer chains bond to each other, producing a
tight network of polymer chains.
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small Nomex R© structures makes this material less favorable for the support ribs.
Nomex R© honeycomb is very ease to drape around shapes and that is why this
material is a candidate for the support shell of the SVD.
Rohacell R© is a core foam that exhibits very good properties. This material is
shipped in sheets of thickness down to 1 mm. A radiation test was done at the
reactor in Mol (70 Mrad 60Co source). During this test the Rohacell R© disinte-
grated at a temperature of ≈100 ◦C. Rohacell R© has been found to be stable
under those temperatures if not irradiated. In conclusion Rohacell R© is not radia-
tion hard and disintegrates at a dose that is a factor two higher then required by
the Belle II TDR. Airex R© R82.80 was used too in this radiation test and did not
exhibit any disintegration. A slight change of color was discernible compared to a
sheet of Airex R© that has not been irradiated. Airex R© R82 is a polymethacrylimide
closed-cell rigid foam. This foam is usually used in automotive and aerospace
applications. The downside of Airex R© is that the thinnest available ply measures
3 mm. This makes the ribs slightly thicker than necessary but due to the large
radiation length of the Airex R© the penalty of this is minimal. From the mechani-
cal, thermal, electrical and irradiation characteristics Airex R© R82.80 is the ideal
material for the SVD support ribs.
Characteristics of the R82.80 are the following[24]:
• fulfills most stringent fire requirements
• operating temperature from -194◦C to +160 ◦C
• remains ductile at cryogenic temperatures
• radar transparent
• very low moisture absorption
• high impact resistance (non-brittle failure mode)
• good thermal insulation
The properties of Airex R82.80 are summarized in table 2.2.
2.4 Boundary Conditions: Sensor Support Struc-
ture
The geometry of the support structure is dictated by physics and electronics
requirements. The measurement requires a full coverage of the acceptance
region2 and from an electronics point of view it is important to reduce the number
of readout channels. This will minimize the data size that has to be processed
2That is the region where most trajectories of the particles of interest are found.
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Property Unit Value
Nominal density kg/m3 80
Measured density[25] kg/m3 85.30± 0.15
Compressive strength N/mm2 1.1
Compressive modulus N/mm2 62
Tensile strength N/mm2 2.0
Tensile modulus N/mm2 54
Shear strength N/mm2 1.1
Shear modulus N/mm2 23
Impact strength kJ/m2 1.3
Thermal conductivity W/m.K 0.037
Table 2.2: Properties of Airex R© R82.80[24].
and the cost of the readout system. At the same time it is essential to keep
the optimum performance in mind. This has been achieved by adding a slanted
sensor in the detectors forward region (this is where a larger angle coverage is
necessary due to the high energy beam boost). Because of this slanted sensor
it is possible to reduce one sensor in each ladder of the three outermost layers.
This significantly reduces the numbers of required readout channels, APV25
chips and FADCs. This makes the whole readout chain significantly cheaper.
Simulations show, that the material budget for the barrel version is worse than
the one of the slanted version [26]. Not considered in this study is the effect of
reduced back ground shielding that comes along with the volume reduction in
the slanted area of the SVD.
Fig. 2.5 shows the geometry of the layer 6 ladder. The anchor points are
placed on each end of the rib. The anchor or fixed contact is located in the
backward area which is the left side of the drawing. A CTE compensation is
required in the forward side and that is why there is a sliding bearing. The
applying bearing forces can be calculated by building the sum of all applied
forces in each direction assuming that gravity is only applied to the center of
mass.
Ax = E · αT‖ ·∆T · Area (2.7)
Ay = 0.5F (2.8)
By = 0.5F (2.9)
Ax is the force that is applied to the cantilever if the other side B is a fixed
joint. F is the gravitational force that acts in the center of mass. E, αT‖, ∆T are
the constituents of the stress caused by thermal expansion (Young’s Modulus,
coefficient of thermal expansion and Temperature difference) while Area is the
cross section of the cantilever. The torque acting on the fixture is not shown in
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Figure 2.5: Initial mechanical considerations showing a representative drawing
of the required geometry and the anchor points of the ladder
fig. 2.5. This is because the rib design proposes to locate hinges on both ends
of the rib to avoid a transfer of torque onto the rib during e.g. assembly of the
ladder.
The support structure of the Belle II SVDs silicon sensors is required to carry the
sensors and serve as a positioning element that sustains a stable geometry over
time. This means that the support structure has to have a minimal thermal ex-
pansion to avoid big deformations in the geometry (which leads to misalignment)
if the temperature fluctuates inside the detector volume. Such temperature fluc-
tuations can be caused by an increase or decrease of dissipated heat from the
readout chips (e.g. if the readout or the cooling system is switched off). Even if
the detector is monitored and frequently realigned it is considered good practice
to reduce sources of misalignment wherever possible.
Ideally the whole assembly has a coefficient of thermal expansion (CTE) equal
to zero, which in practice becomes increasingly difficult to realize, depending
on the number of components. Although a CTE=0 is difficult if not impossible
to achieve, there are two common ways to handle this problem. One challeng-
ing possibility is to use materials that have a matched CTE. This means that all
materials utilized between fixed positions have a CTE that, in sum, amounts to
zero while each material on its own has a CTE not equal to zero. What makes
this solution critical is that even if the overall CTE might be zero, there is still
a different expansion within different materials that leads to local deformations.
Furthermore does this approach require that all constituting materials are in a
tight and proximate connection, so that the expansions between the materials
are mechanically coupled. This practice is only applicable if a few different ma-
terials are used and if the boundary conditions leave the designer the freedom
to optimize the structure mainly for CTE.
Another way to compensate for that expansion is by allowing one side to move
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linear by using a floating bearing while the other side needs to rest on a fixed
bearing. This practice makes sense if the geometry has one direction in which
it extends more than any other. In such a geometry the floating bearing is im-
plemented so that it allows an expansion parallel to the direction of the bodies
largest dimension. This way effects like buckling and angle changes for the
slanted part are reduced or even eliminated.
In case of the Belle II SVD both approaches are implemented. The CTE of car-
bon fiber can be set using proper fiber directions. In the case of the ribs this is
not possible due to the unidirectional single layer on each side of the rib. Usually
the CTE of the fiber is negative (≈ 0.3× 10−6 1/K) where as the CTE of the core
material is positive (in the case of PEI like Airex R© it is 35 × 10−6 1/K)[27]. Both
components are tightly coupled through the glue layer and forces will be shared
through that bond. For the SVD support ribs the CTE of the carbon fiber layer
is expected to expand while the Airex R© will shrink. After putting the known val-
ues of the two materials from table 2.3 into equation 2.7 the result shows, that
the forces almost compensate each other with FAirex=-1.36 N and FCF=1.5 N.
The higher stiffness of the carbon fiber is expected to compensate the expan-
sion/shrinkage of the core. To reduce further stress, one side of the rib has a
floating bearing to compensate mainly for mechanical imperfections, but also for
any unexpected thermal expansion.
Airex R82.80 Carbon Fiber HM
Young’s modulus 54 N/mm2 175000 N/mm2
CTE 35× 10−6 1/K −0.3× 10−6 1/K
Area 6× 3 mm2 2 ∗ 6× 0.6 mm2
dT -40 K -40 K
Table 2.3: The properties of Airex R© and high modulus carbon fiber as found in
literature, used for the acting force calculation resulting from thermal expansion
The fiber parallel CTE is defined as[20]:
αT‖ =
T‖
∆T
(2.10)
T‖ is the relative elongation and is defined as:
T‖ =
∆l‖
l‖
(2.11)
Apart from the CTE it is important to consider the radiation impact on the
structure. One aspect is the radiation hardness of the used materials. Radiation
leads to fast ageing of structural components and glue. This can result in the
collapse of the structure and therefore careful material selection is essential. Im-
portant for physics analysis and track reconstruction is the reduction of multiple
42 CHAPTER 2. MECHANICS
scattering. Ideally there is only the sensor plane with a thickness of zero and
no support structure. In real applications sensors need a certain thickness to
detect passing particles and the structure is required to support those sensors.
To get a good signal, silicon strip sensors require a thickness of around 300 µ
m. A reasonable approach to reduce multiple scattering is the material impact
reduction of the support structure. This material impact is expressed with the
radiation length and is explained in detail in section 1.9.
The distance a particle can travel through matter with a given radiation length
is calculated by dividing the radiation length by the materials density. This value
is used as a reference to see if a material is qualified to be used in a structure.
For the Belle 2 SVD it is especially important to keep the Material Budget (X/X0)
as low as possible since KEKB is operated at relatively low energies and multi-
ple scattering of low energy particles at massive structures will render recorded
data useless. To keep a small material budget it is necessary to use materi-
als with a low atomic number and with very low density. This contradicts the
requirements for stiffness and stability. E.g. Aluminium has a good weight to
strength ratio with a radiation length of 8.897 cm[28] which is acceptable for thin
structures but not for a full support structure. The cross section of an aluminium
structural element for the Belle II SVD sensors would be too large since a mini-
mum of deformation is required. Therefore it would not be possible to use such
a light metal for a long support piece as is required for the SVD without sacrific-
ing the detectors performance. As described earlier, some of the best weight to
strength ratio materials commercially available within a reasonable price range
are fiber reinforced plastics. A minor problem of those fiber reinforced plastics
is their susceptibility to moisture and their changed properties when water is
absorbed. Another important factor is the radiation hardness of such materials
where a focus should lie on the radiation hardness of the matrix. Epoxies and
carbon fibers are known to be exceptionally radiation hard.
Fibers available on the market are mainly designed for commercial purposes.
This means that the customer can select the type of fiber, the strength, fiber
count etc. What the customer does not get to select is an extra each fiber pro-
ducer adds to its fiber to make it more usable for the commercial end user. An
aspect that needs close attention is the selection of the fiber for high energy
physics applications. Fibers for commercial uses are usually coated with spe-
cial agents to improve inter-fiber-matrix bond strength and ease the process of
draping the fibers. These coats contain materials that are kept as a secret by
the fiber producers and sometimes contain materials that lead to a negative im-
pact on the material budget. The effect of the coat is difficult to assess in the
design stage. For the Belle II SVD it is safe to assume that the coat is only a
small negligible contribution to the material budget since the overall carbon fiber
content is reduced to a bare minimum. Never the less, this factor is considered
for the final fiber selection.
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Besides mechanical and physics boundary conditions there are also electri-
cal considerations that have to be taken into account. The sensors are biased
during operation and any conductive contact from the structure to the sensor or
the electronics has to be avoided. On the p-side3 wire bonds are connecting
the sensor strips to the Origami fanouts. Those wire bonds are not isolated thus
contact between them and other conductive components has to be avoided, as
explained in 2.3.1.
The Belle II SVD consists of modules arranged in a barrel shape around the
interaction point (IP). The three outermost layers include a slanted sensor that
allows to minimize the number of required sensors and reduce the number of
readout channels while still covering the whole required acceptance region with
an angle of 17◦ in the forward region and 150◦ in the backward region.
2.5 Design Choice
The choice of design is strongly motivated by matching the above requirements
to what is mechanically possible. Many drafts were made in the early de-
sign stage but only two concepts prevailed to undergo more thorough analysis.
Shape and length of the ladders are influenced by the requirement to reduce
the readout channels without reducing the acceptance region. This requires a
slanted sensor at the forward part of the detector. The length of the ladders is
roughly given by the sensor size which was fixed when the mechanical design
stage began. A different design has to be implemented for the ladders in layer
3 where a slant angle is not necessary. Both designs for the slanted ladders
depend on the special properties that only carbon fiber sandwiches exhibit (see
2.2). The following sections will describe those two designs.
2.5.1 Single Sandwich Structure
The first concept is a single sandwich structure and the intention is to utilize
material that is already present in the detector module. A benefit of this approach
lies in the reduction of the cross-section of the ladder by adding reinforcement
fibers on both sides of the Airex R© isolation layer, that is required by the origami
module scheme. This reduction of cross-section widens the gap between layers
and limits the possibilities of interference between the layers. Fig. 2.6 shows
a carbon fiber sandwich plate with an Airex R© core and Sil-Pad R© strips on the
bottom.
The slant angle is implemented into the structure and requires gluing of two
sheets or thermoforming of a single sheet. Gluing would add additional material
3The p-side is the side of the sensor that faces the interaction point
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Figure 2.6: Design study of a single carbon fiber sandwich structure.
and in this case the better process to produce the slant angle is thermoforming.
The production of such a thermoformed structure requires special tooling (ther-
moforming is explained in section 2.5.1). A big disadvantage of the production
process with such a geometry is the shape difference between the design and
the actual produced part. This is due to the spring-back effect, a material de-
pendent effect where the shaped part slightly returns to its initial shape. Even
though this effect is usually small, it is large enough to cause problems and
therefore has to be taken into account. To manufacture the part with an angle
that is equal to the design angle the spring-back would have to be either calcu-
lated or trail and error iterations would be necessary.
To prove the structures rigidity against deformation, FEM simulations were
made. In those simple studies the structure is fixed at both ends and an equiva-
lent mass representing the readout electronics was added. The whole assembly
is acted upon by gravity. The simulation results in fig. 2.7 show that this struc-
ture would need a core thickness of 2 mm and a carbon fiber shell thickness of
14 µm on each side to satisfy the Belle II SVD requirement that the gravitational
sag should be less than 100 µm.
However, Airex R© R82 is not available in 2 mm sheets and it is difficult to find
UD-fibers with 14 µm thickness, thus the structure would become thicker than
necessary and would add too much material.
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Figure 2.7: Initial simulation study that shows a deformation of max. 0.084 mm
and an average sag of 0.05 mm
The thinnest available Airex R© R82 sheet has a thickness of 3 mm. This
makes bonding from the sensor to the readout electronics on top difficult if not
impossible. Thinning this sheet down to 2 mm by milling is difficult because
chunks of material get ripped out of the foam. This leaves an uneven surface
and glue can fill those small indentations which leads to an increased mass.
The most material budget on the other hand is added by the plies of carbon fiber,
so it is important to reduce the thickness and width of the area which it covers.
Together with the readout electronics and passive components, the sandwich
would have an averaged material budget of 0.629 % X0. The calculated distri-
bution of the material can be seen in fig. 2.8.
Figure 2.8: Distribution calculated on the assumption that particles travel per-
pendicular to the sensor surface through the structure. This distribution was
used to gain an understanding of how the two options would differ. Simulation
results using GEANT4 are available for the later discussed option
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One advantage of such a structure is that it applies an evenly low distribu-
tion of material along the ladders cross section. This geometry would provide
the least material for high momentum particles which would pass perpendicu-
lar through the structure. On the other hand, particles with low momentum and
thus a strongly curved trajectory would have to traverse more material and would
be affected by multiple scattering. In this sense, the single sandwich structure
would have a negative effect on the measurement. The benefits of an even ma-
terial budget are eventually outweighed by the real material distribution. In this
distribution shown in fig. 2.8, the Origami printed hybrid flex and the electrical
components are taken into account. Due to the low radiation length of copper
and silicon, which is 3 times lower than that of carbon fiber, the electronics and
copper layers of the sensor module contribute more to the material budget than
the CFRP structure.
Carbon fiber is conductive and having the sensor attached closely to the struc-
ture with only an isolation film between them could lead to capacitive coupling.
This is an undesirable effect and countermeasures need to be taken. One pos-
sibility is to have a wide gap between the sensor and the carbon fiber (as ex-
plained in section 2.3.1) which requires some kind of spacing structure. Such a
gap is not only required for the signal integrity but also from a mechanical point
of view. There needs to be enough space between the structure and the wire
bonds on the p-side of the sensor. The necessary gap would require even larger
spacers with a height exceeding 2 mm. Such spacers should be avoided as it
stacks up additional material and adds to the complexity of the structure.
In conclusion: On the plus side, the deformation of the structure described in
this section is smaller compared to the option that will be described in the next
section. The unnecessarily large material budget, the difficulties to implement an
effective electrical insulation between the carbon fiber and the biased sensors,
the impact on physics and the challenging production are the negative sides of
this structure. The fact that the Airex R© is already present and should be used as
a mechanical support structure remains a good approach and is implemented
in the structure discussed next.
Thermoforming
Thermoforming is a method where PEI (polyetherimide) foams are heated up
and later pressed into a tool. This method allows complex and rounded off
shapes of the sandwich core material. A benefit of this method is that it can
fully eliminate the need for carving or milling shapes into the foam blocks saving
lots of material. This process is also cost efficient and can be applied to mass
production. The process is simple to set up and delivers good results rather fast.
For Airex R© R82.80 the sheet is heated up to 210-215 ◦C in a convection or con-
ductive oven. The heating time depends on the method used and the material
thickness. A rough estimation given by the process guidelines [29] suggests
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0.5-1 min/mm for convection heating and 0.2-0.5 min/mm for conductive heating
is reasonable. The time is critical, especially for conductive heating. Preheating
too long and poor heating plate design can result in parts of the Airex R© sheet
sticking to the heating plate. This should be avoided to eliminate the need to
clean the heating plate and optimizing the production yield. The tools used to
form the core can be made from wood or composite materials. Aluminium tools
can be used for mass production. There are several methods of forming the
foam. The simplest method requires the forming tool and a heat convection
flow. The raw material is placed on top of the tool, weighted with sandbags or
similar deformable weights and heated up. After 1-5 hours of heat cycling the
sheet can be extracted from the tool and retains its shape. If vacuum is avail-
able, the weights can be replaced by a heat resistant plastic sheet and the force
is applied by the vacuum.
If close thickness tolerances are required, pressure forming with a positive and
negative form is the best process (fig. 2.9). In this process the foam is preheated
in the oven, extracted hot from the oven and immediately afterwards placed into
a low pressure molding press. This part can be extracted within minutes and
the cycle for a 20 mm thick sheet takes less than 13 minutes. If precision and/or
mass production is the goal, than this process is the most economic.
Figure 2.9: Low pressure forming process[29]
The last process is used to press the 3 mm insulation Airex R© sheets into
1 mm sheets that are used between the Origami hybrid and the sensor.
2.5.2 Carbon Fiber Sandwich Ribs Structure
The solution that has been found to suit the SVD best, is the use of ribs that
are glued to the bottom of the sensors. This position is not ideal from a physics
point of view because particles can be scattered or annihilated by the structure
before they reach the sensor (the first scenario would be the worst of both be-
cause the measured signal could lead to a wrong track reconstruction). It is not
reasonable to mount the ribs on top of the sensor due to the high density of elec-
tronics and cooling components as well as the waviness of the contact surface
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the Kapton R© flex hybrid on top of the Airex R© sheet would exhibit. The scatter-
ing effect of the structure is small because very little material is used on the rib
structure. Besides that, the materials that are used have large radiation lengths
thus making interaction with particles unlikely. The magnitude of the scattering
has not been measured yet and probably will never be done for this structure
but material budget simulations have been made. The rib structure can be seen
in fig. 2.10, which is also the first conceptual drawing of the outermost ladder.
Figure 2.10: Draft of the ladder 6 structure
The rib structure has a clear advantage when it comes to production. The
Airex R© sheets do not require bending thermoforming and thus the production
process is reduced to a planar milling process. Chapter 2.10 will describe the
production of a prototype in detail. An explosion drawing of a rib from layer 6
is shown in fig. 2.11, exposing the main features. In a more recent design, the
metal pieces at both ends of the rib are replaced by cylindrical inserts that are
glued into the holes.
As explained earlier the structure utilizes the advantages of sandwich com-
posite structures. To further enhance the efficiency, the fibers are set up to run
along the rib contour. This generates a crossover section at the knee part of
the rib, which further improves the stability. For the ladder in layer 6 crossover
section leads to a unidirectional carbon fiber angle of 0◦ in the straight part of
the ladder and a fiber angle of 21◦ in the slanted part. Both ends of the ribs
have holes that are used to mount the ribs onto the mount block. To reduce the
torque stress - that is generated when the rib is screwed to the mount block - an
insert is glued into the hole in the rib (see fig. 2.12). This insert provides a small
mechanism to mount the ladders and offers the possibility to create a joint with
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Figure 2.11: This is an explosion drawing of a layer 6 rib. This version has metal
washers to spread the clamping forces applied on the carbon fiber ribs
one rotational degree of freedom. Such a mechanism is useful to compensate
machining imperfections. The fiber is broken in its continuity when the hole is
drilled and thus cannot provide stability in this area. To stiffen the ribs in this
area and to provide a good contact between the CFRP plies and the inserts,
90◦ UD plies are glued on each side and end of the ribs. This additional ma-
terial is not within the acceptance region and therefore does not increase the
material budget. Since this reinforcement is not within the acceptance region,
another material like thin stainless steel sheets could be used and should be
investigated.
The conductive carbon fiber is separated from the sensors through Airex R© ex-
tensions. Each sensor is fixed on four such extensions. They are positioned
in respect to the origami modules in such a way that they do not interfere with
wire-bonds and Kapton R© flexes on the bottom side of the modules.
One ladder is composed of two carbon fiber sandwich ribs. The distance
between the ribs is set to 15 mm, which is very narrow compared to the sensor
width (59.6 mm). The limiting factor of the distance between the ribs is the
forward slant angle. Because of this slant angle the ribs in the forward side are
very close to their next neighbouring ladder. A distance of more than 15 mm
would lead to an intersection between the ladders.
The whole assembly of a ladder including all components except the cooling
tube, can be seen in fig. 2.13.
Simulations
More in-depth simulations were made, since the carbon fiber rib support struc-
ture seems to fulfil all requirements. Those simulations are simplifications of the
real case. The following steps were taken to reduce the simulations meshing
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Figure 2.12: The inserts (white) are glued into the ribs. This insert is compres-
sion resistant and has a countersink
Figure 2.13: Mechanical design of the ladder 6 showing the mount blocks with
the connector stack on top. Fan outs that connect the bottom strips to the read-
out electronics are displayed in orange
and run time:
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• The Kapton R© hybrid was split into two layers
• The APV25 chips and wirebonds were neglected
• The hybridboards at both ends do not contribute much to the mechanical
stiffness and thus were excluded from the analysis
• Connectors were excluded
• Mount-blocks and the ribs plastic inserts were excluded
• The electronic layer is cut at both ends of the straight sensor part
• The Kapton R© hybrid on top of the slanted sensor was excluded
Constraints were added to compensate for the excluded mounting compo-
nents. Those constraints restrain linear movement of the ladder joints. This
simplification was made because of the assumption that linear movement of the
CTE compensation is only possible if a force larger than the ladder weight is
applied. Therefore a linear motion is not considered relevant for a static simu-
lation. The amount of torque on the rib joints is not defined and the simulation
takes this into account by allowing the ladder to rotate frictionless around its joint
axis. This is the worst case because in this scenario the joint itself does not add
anything to the stiffness of the rib. In other words, if the ribs deforms, there is
no torque to counteract against this gravitational deformation in the joint region.
The only force acting on the structure is the gravitational force. The most rel-
evant masses have been added to achieve a realistic model. Applied masses
are:
• Sensors (mass: 5.5 g /piece)
• Airex R© (t=1 mm, mass: 2.4 g)
• Kapton R© (t=0.3 mm, mass: 9.1 g)
• Copper R© (t=0.06 mm , mass: 15.9 g)
All the above layers are bonded and do not allow intersection. The Origami,
Airex R© and sensor stack is in principle a sandwich composite which provides a
great amount of stiffness to the whole ladder assembly. The copper layers of the
origami hybrids have been simplified. This simplification of the copper layers is
based on an estimation of how much copper is contained in the conducting paths
of the hybrid and is then homogeneously distributed over the whole assembly
area (see fig. 2.14).
The simulation results enclose various positions. The following results show
the gravity acting from different directions which translates to different positions
of the ladder in the layer. Positions (counterclockwise):
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Figure 2.14: The red arrow indicates the direction of gravity, while the green
arrows show the mechanical constraints of the system. This picture shows the
simplification of the simulation setup
• 0◦ Top load
• 45◦
• 90◦ Side load
• 180◦ Bottom load
In top position, the ladder has a maximum deformation of 44 µm. This devi-
ation is found in the center of the ladder. The stress inside the structure peaks
at 5.5 MPa. Those values suite the SVD requirements very well.
The ladder in 45◦ counter clockwise position has a slightly worse deforma-
tion of 47 µm (fig. 2.16). The deformation gradually increases with an increasing
angle. In ”side load” position the deformation reaches a maximum of 66 µm
(fig. 2.17). The stress in this position peaks at 7.5 MPa.
The conclusion of the simulation is that the ladder is meeting the goal of hav-
ing a gravitational sag of less than 100 µm. It is important to understand that
the simulation is not completely conclusive. The reason for this is the complex
simulation of the composite material. The matrix-carbon fiber properties are av-
eraged (but are implemented as orthotropic materials in the simulation) and the
true stiffness is depending on factors like resin saturation, the specific fiber and
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Figure 2.15: Deformation of ladder 6 in 12 o’clock position within the barrel. The
maximum deformation is ≈44 µm
the mechanical and thermal properties of the matrix. The entity of those values
are difficult to obtain from material data sheets. The data has to be assembled
from several references and doing a full material characterisation as it would be
needed for this simulation would extend far beyond the scope of this thesis.
Several factors are not considered in the simulation. For example the manufac-
turing process, which has an influence on the quality of the laminate and the
fiber parallelism. Also missing are the properties of the glue bonds between
the materials. All materials are glued with Epoxy resin but the properties and
quality of the glue layers are unknown and are assumed as ideal for the simula-
tion. Even though the simulation considers fiber orientation and layer thickness,
a conclusive result can only be acquired through measurements of a prototype
ladder under realistic thermal conditions.
The question that arises is, how the structure behaves in worst case scenar-
ios. One unlikely scenario is that the connection with the CTE compensation is
friction less. In that case the ladders sag would increase significantly. To have
a value for the maximum deformation that could occur, the simulation boundary
conditions were altered so that the forward side is now free to rotate around the
hinge axis and that the hinge axis has one additional linear degree of freedom
that emulates the CTE compensation mechanism. In this study the maximum
deformation was found to be ≈143 µm. This result adds the upper boundary to
the design and it can be concluded that the deformation will most likely range
between ≈44 µm and ≈143 µm. The value will be somewhere between those
limits and observing that the results shift towards the lower sag the more realism
is included into the simulation, it is safe to assume that the deformation will be
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Figure 2.16: Deformation of ladder 6 with a 45 ◦ rotation. The maximum defor-
mation is ≈47 µm
Figure 2.17: Deformation of ladder 6 in 9 o’clock position. The maximum defor-
mation is ≈66 µm
below 100µm, which is the requirement for ladder 6. Fig. 2.18 shows the study
result of the the ladder 6 simulation described above.
The last simulation (see fig. 2.19) that was made proves the point that the
Origami module as an entity adds significantly to the overall stiffness. In this sim-
ulation the boundary conditions are the same worst case conditions that were
mentioned above. In addition to that, a mass of 24 g (equivalent to the origami
weight) has been added and distributed evenly on the sensors. The sensors are
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Figure 2.18: Ladder 6 is deformed in 12 o’clock position with a freely linear
moving forward side. The simulation does not consider friction and allows the
ladder to turn frictionless around its hinges
now uncoupled and the loads from the sensors and the additional mass are only
supported by the ribs. This study calculates a deformation of ≈406 µm which is
almost a factor 3 more compared to the previous case. This shows that the me-
chanical integrity of the origami module and the bonding strength between the
layers is of utmost importance to produce an extremely light but stiff structure.
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Figure 2.19: Ladder 6 is deformed in 12 o’clock position, the forward side can
move linear and friction with a frictionless rotational degree of freedom in the
hinges. An additional load of 24 g is distributed evenly across the sensor plane.
The sensors are in no way mechanically coupled and thus the carbon fiber ribs
have to carry the whole load
2.6 Mount-Blocks
The mount-block is defined as the interface between the ladder and the end
ring. This implements a chain of properties. For one the mount-block defines
the distance between the carbon fiber ribs and serves as a joint so the ribs have
a rotational degree of freedom. This attribute is supposed to reduce tension
and torque on the ribs during installation and operation. The joint is a critical
feature because the carbon fiber ribs are defined to have a hole at both ends
where inserts are glued in. Those inserts are fixed to the mount-block by a
screw. There is one screw on each side, thus each rib can be fixed with a
different torque. The screws need to be either self-locking or need to be locked
using a suitable procedure. The mount-blocks further serve as a support for the
hybrid boards. Those boards are used to read out the first and the last sensor
in each ladder. They hold the read out chips which need to be cooled. Thus
the mount-block has to serve as a cooling interface between the end ring and
the read out chips. The end ring has an integrated cooling channel for the CO2
cooling system. In general, the mount-block connects the ladder to the end ring.
Therefore a suitable locking solution is necessary. A possible solution is shown
in fig. 2.20. Requirements for the mount block are:
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• The mount-block needs to have a width of 15 mm
• The mount-block needs two M2.5 holes for the rib fixture points
• Two M3 holes need a circular extrusion or washers to fix the hybrid boards
• Different blocks optimized for various layers (2 pcs. for Layer 4, 4 pcs. layer
5/6)
• Fixture mechanism to connect the mount-block to the end-ring
• Mechanism shall be an anchor on the backward end-ring
• Forward mount-block shall have one degree of freedom to help compen-
sate CTE
• Because of the size of the connectors and the space restraints it is neces-
sary to have a locking-mechanism that requires little manual operation in
order to install it.
• The ladder shall be put onto the end ring from above. This means that
the interface surface of the mount-block is parallel to the end-ring contact
surface at all times during installation
• The mount-block shall be manufactured of a thermally conducting material,
to provide the best possible interface between the end-ring and the read
out chips
Figure 2.20: Mount block used at the detectors backward side. The mount block
exhibits the first iteration of the Slide Lock Mechanism (SLM1)
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2.6.1 Slide Lock Mechanism
The slide lock mechanism (SLM) is a feature that has been introduced to over-
come some technical difficulties that are inherent to the ladder design. This
mechanism allows the ladders to be mounted from the top and provides one
degree of freedom. In order for this mechanism to work it needs to be accessi-
ble from one side at the backward region of the detector. The concept is fairly
simple but requires high precision fabrication in order to allow feasibly mobility
of the design without giving too much slack. For this purpose a slide fit with a
tolerance of H7/h6 according to ISO 286 is chosen. First prototypes need to be
manufactured in order to test the structure against its requirements. The SLM
is designed to comply with assembly procedure requirements. Those are rather
strict because of the SVDs slant part. Therefore the ladders have to be installed
from top with a z-direction offset of only 3 mm. More offset would result in inter-
ference between the slant part and the straight part of the adjacent ladder.
2.7 End-ring
End-ring is the name of the structures at both ends of the SVD. It provides the
interface between the ladders and the support cones and support structures of
the SVD. It is crucial for the correct positioning of the ladders and thus has to
be machined very precisely. Another aspect included in the end rings is the in-
tegrated cooling channel. To have a rigid component capable of withstanding
pressures up to 150 bar and bringing the cooling fluid as close as possible to
the ladders results in a structure that is difficult to manufacture. To avoid tubes
that need to be glued into the end rings and would exhibit bad heat conductivity
between the tube and the end rings an integrated cooling channel was intro-
duced. This channel is milled into two halves of the end ring and is then bonded
by a ”Hot Isostatic Pressure” (HIP) process that forms a closed body capable
of withstanding high pressures. The production process starts with a piece of
stainless steel AISI 316L in which half of one cooling channel is grooved. The
counter part is produced the same way. Those two pieces are then positioned in
such a way that the cooling channel halves form a tube. The piece is then HIP
welded. After this process, the geometry is cut out using anode wire cutting.
The connection mechanism (SLM) is then milled into the piece (fig. 2.21).
An alternative method was tested using laser sintering but was unsuccessful
due to the granularity of the finished piece which led to leaks of the cooling fluid
at pressures above 50 bar. This is unacceptable as the operation pressure can
rise up to this level.
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Figure 2.21: Layer 6 Backward End Ring exposing one half of the cooling chan-
nel. This design still utilizes the SLM1
2.8 SVD Layers
The Belle II SVD is composed of four layers. Those layers differ in some param-
eters but have at a first look a similar appearance. The exception is layer 3, that
is different to the other layers in many aspects.
2.8.1 Layer 3
The design of layer 3 is dominated by the space constraints given by the design
of layer 4 and the PXD. Layer 4-6 were initially designed with very few con-
straints. During the design process many new constraints were added which
lead to a highly invariable geometry. Therefore, layer 3 had to be designed into
a tight envelope as shown in fig. 2.22. This envelope is a rotation body that takes
every edge of layer 4 into account that could interfere with layer 3. The selected
edges are those that measure the smallest radius within a section. Those sec-
tions and radii are combined and form the outer envelope. Similarly defined is
the envelope for the PXD, only this time the largest radius from each section is
taken into account.
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Figure 2.22: Layer 3 envelope, including the geometry of layer 4 and the PXD.
The conical shapes inside the envelope are the acceptance region cones. Also
seen in this picture are the tight space constraints in the forward region where
the layer 3 end-ring has to fit in
Layer 3 utilizes ribs just like layer 4-6 and they will also be carbon fiber rein-
forced. This is not strictly necessary because there are only two sensors, that
would be self supporting if their narrow faces were glued together. It is required
that the sensors are not coupled and therefore another solution is needed. Sim-
ple Airex R© ribs form a connection between the sensors and are used as posi-
tioning elements for the sensors that are attached to a support structure on both
ends. To keep a similar baseline throughout the detector, the layer 3 ribs will
also be constructed as CRFP sandwich ribs. This step might seem redundant
but it is necessary to ensure the long-term stability of the detector.
The support structures on both ends are called bridges, because they bridge the
gap between the SVD support structure and the layer 3 sensors. Those bridges
have, apart from mechanical aspects, the important purpose of heat transfer be-
tween the APV25 chips to the layer 3, which is connected to the actively cooled
layer 4 end-rings. The bridges are not directly cooled by the cooling system and
their cooling efficiency is limited to their heat transport capabilities. They need to
transport the waste heat of around 4 W away from the APV25 chips. Therefore
they have to be well designed for a maximum of heat transport.
As shown in fig. 2.23, ladder 3 consists of following items:
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Figure 2.23: Rendering of ladder 3 with its main components.
• Forward bridge
• Backward bridge
• 2 Airex R© ribs
• 2 Sensors (124.8 x 40.5 mm2 inactive dimensions)
• 4 Hybridboards (merged into 2 boards)
2.8.2 Layers 4-6
Layers 4-6 are in principle very similar. For example parts like the forward and
backward mount blocks are designed so they can be used in every layer. Spe-
cific differences are found in the rib geometry regarding length and slant angles.
Designing a ladder in a layer is a challenge but the real challenges for the de-
signer become obvious when taking the whole layer assembly into account.
In a full layer, the width of the hybrid-boards is essential because if the board
was too wide, it would cause the connector stack to intersect with the adjacent
stack. The hybrid-board sizes therefore have an influence on the ladder radii.
Because of those geometric constraints, there is a limit of how close they can
be placed to the IP.
The barrel unveils difficulties that are associated to the ladder installation pro-
cedure. For example, due to the slant sensor there is only a short distance
the ladder can be moved in z direction when its mount-blocks lay flush on the
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end-rings and another ladder is already installed. Another issue that becomes
apparent is that the last ladders in each layer can not be installed if the barrel
is closed (this problem is also associated with the mounting structure) and thus
the SVD has to be assembled as half shells.
Figure 2.24: Layer 4 assembly without cooling lines. The ”Fan-Outs” on the
sensor edge are clearly visible in this rendering.
2.9 SVD Barrel
The SVD Barrel consist of the 4 active sensor layers and the support structure.
The envelope for the support structure is defined by the CDC (surrounding de-
tector), the PXD (innermost detector) and the QCS magnets on both ends of
the SVD. The envelope measures l=925 mm and d=310 mm. A 5 mm support
shell has to fit within those constraints so the max net layer 6 radius has to be
<150 mm. The slant design has a big disadvantage for cooling and the related
tubing. The forward side of layers 3, 4 and 5 is not accessible and thus all the
cooling for the ladders has to be provided from the backward region. Fig. 2.25
gives an idea how crowded this area is. The cables are not implemented in the
drawing but they will take up most of the space in the forward region. This makes
the design of the cooling services very challenging.
2.10 Prototype Production
Carbon fiber production is a costly process and companies from the private sec-
tor rarely accept prototype orders when the final production volume is limited to
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Figure 2.25: This rendering shows a rendering of the SVD including the full layer
3 and only one ladder per layer for the layers 4-6. This rendering also includes
the end rings, support cones and the end flanges.
small quantities. A better solution is necessary when several prototype iterations
are needed and short reaction and production times are mandatory.
Working with prepregs4 is not an option unless the infrastructure is available.
Another process, which is relatively cheap and is never the less able to produce
good laminates, is the hand-layup and vacuum bagging process. A problem
with this process is that the fiber direction is not perfectly aligned and the fibers
are not completely straight unless extreme caution and fiber tensioning tools are
used. The prototypes do not need to be set up properly since they rather form
a worst case scenario. Prototypes made from prepregs and with an autoclave
process are expected to improve the stiffness and stability of the parts.
The wet lay-up process requires a few main components to work proper. The
central component is a vacuum pump. This device is required for almost every
composite material production process. A useful addition is a resin trap. Such a
trap is used in the vacuum resin infusion processes - a process that is capable
of producing large objects such as boat hulls with a fiber volume fraction close
to what is achievable in the prepreg process. In this process the fiber plies are
put into a mold without resin impregnation and are draped and fixed with a thin
film spray-on glue. Those layers are then covered with materials that allow an
even resin flow and distribution and a plastic bag that seals the work-piece of
from the environment. It is only after this step that the resin has to be mixed
4Preimpregnated fibers that are already properly saturated with resin and are delivered in
such a state from the manufacturer
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with the hardener. It is then sucked into the mold and the fibers, by evacuating
the inside of the plastic bag. The resin mix flows through a hose that comes
out of the vacuum bag and reaches into the resin bucket. With this method it is
possible to use resins with short gel times for large objects. This method is not
reasonable for the prototypes of the Belle II SVD ladder ribs though. The reason
for this is that it is necessary to apply the carbon fiber sheets on both sides of the
core material in one step to produce a good bond and not to damage the ribs.
Therefore the wet-layup vacuum bagging method has been used to produce the
CFK prototype ribs.
2.10.1 Vacuum Bagging and Hand-Layup
The method used for the carbon fiber ribs was a hand-layup with vacuum bag-
ging. Jigs (see fig. 2.26) to draw a silhouette were used in order to save material.
Those outlines are used to place 20 mm UD stripes inside of them. Another ad-
vantage of this template method is that the angles of the fibers in the slant part
can be easily laid up correctly. For the step of marking the outlines, two identical
jigs are used. One is placed on each side of the core material and their proper
position is aligned by using pins.
Figure 2.26: Jig used to draw the contour of the rib.
It is important that both jigs are aligned to each other. If they were offset by
one centimeter there would not be enough material covering the core and the
ribs could not be cut out. The Airex R© core is relatively soft and can be penetrated
by a pointy object. Therefore pins are pushed through the holes in the jigs and
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the core foam. After the first contour is drawn on the core the whole assembly
is flipped around, exposing the pins on the other side. Now it is possible to slide
the second jig over the pins and draw the contour.
Figure 2.27: Alignment using pins pushed through the Airex R© core.
The next step is the proper alignment of the fibers along the drawn contour.
It is of utmost importance for the strength of the construction that the fibers
run parallel along the ribs longest edge and do not shift or buckle. A simple
way to ensure this is applying a thin coat of spray adhesive. Impurities in the
laminate compromise the final strength, thus one has to use very little of the
spray adhesive. A suitable spray was found with the Airtac 2 spray from Airtech
s.a.r.l. (fig. 2.28).
To reinforce the knee part of the ladder, two plies are crossed and reach up
to the opposite site (fig. 2.29). This overlap is intentional to provide additional
resistance against torsion.
The end sections of the ladders are reinforced with a +90◦ fiber to realize a
homogeneous compound that is suitable to carry various load directions. This
sections are used to drill the holes which are later used to attach the ribs to
their support structure. The additional strip of carbon fiber at the bottom of the
assembly is used as a test structure for mechanical tests. Once everything is
draped as required the fibers are excessively saturated with resin to make sure
that there are no dry spots. For this prototype an epoxy resin from R&G GmbH
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Figure 2.28: Application of a light film of spray adhesive to hold the fibers in
place
Figure 2.29: Material overlap in the beveled part of the ladder.
was used. The resin ”Epoxyharz L 20” is solvent and filler free and has been
designed and approved for aircraft construction. The curing process is virtually
free of shrinkage and can take place at an environmental temperature as low
as 18 ◦C. The parts produced in combination with the Hardener EPH 161 are
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heat resistant up to 120 ◦C. To achieve the final strength the composite has to
be annealed after cold curing for approximately ten hours at 60 ◦[30].
After one side has been saturated it will be covered with a peel ply. Peel plies
are used to allow resin to flow through them into the upper layers without sticking
to the composite. The peel ply is covered with an agent that does not adhere to
the epoxy resin, thus after the curing process the sheet can be pulled off easily,
leaving a homogeneously patterned surface. This surface has a good structure
and makes sanding unnecessary if further composite material plies or coatings
need to be applied. The contamination of residue release agents is minimal
and regular surface treatment with chemicals is sufficient to proceed with further
steps. The SVD carbon fiber ribs are built to have as little material as necessary,
therefore the ribs are not coated with a filler layer. The structured surface does
not have a negative influence on the material budget and sanding it to an even
finish would create the risk of breaking fibers. Because of these reasons the ribs
will have a fine grid on the surface.
Figure 2.30: Assembly is ready to be impregnated with resin and closed up for
the vacuum process
The next layer that covers the peel ply is a perforated film (light red sheet).
This film is designed to let excessive resin flow into the outer layer while at the
same time it avoids the resin to be soaked up completely by the outer layer. It
also provides a better resin distribution and is required to allow trapped air to
escape. The quality of the surface especially considering the resin distribution
is largely depending on this layer (fig. 2.31).
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Figure 2.31: Assembly is impregnated with resin and covered with the required
layers, excess resin is starting to flow into the outer layers
Before the whole piece is evacuated it needs to be covered with a non-woven
absorber and a covering film. The non-woven absorbers are also referred to
as bleeders/breathers. This layer is used to establish a homogeneous vacuum
throughout the whole part and to absorb excessive resin. If too much resin was
used and the bleeder was to be fully saturated with epoxy then the airflow would
be compromised and the vacuum would not have a good distribution. This would
lead to a strongly varying resin to fiber ratio and to weak spots in the composite.
The bleeder has to cover the whole assembly and has to be positioned in such
a way that the vacuum connection is sitting directly on it (fig. 2.32). Failure at
doing so will have the result that the cover is sucked into the vacuum hose and
the piece cures without the force of the atmospheric pressure. This part may
look functional but the strength is reduced at the cost of increased weight.
Fig. 2.32 shows wrinkles on the cover film. Those wrinkles are intentional
and are a kind of stress relief that allows the film to drape better around the
contours since this sort of plastic film does not stretch. Elastic covers could be
used for this kind of geometry that would fulfil the same purpose. A specific
technique has to be applied to create those wrinkles and at the same time keep
the assembly leak tight. The black rectangle (adhesive tape) that is seen in
fig. 2.32 would be sufficient for a stretchable film. In this kind of layup with a
non-stretchable cover sheet, stress releases need to be formed. Those stress-
releases are made with adhesive tape that is formed to shape a closed circle.
Those circles are placed on top of the rectangular adhesive tape. The film is then
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Figure 2.32: Vacuum cover and underpressure is applied. The resin flows
through the perforated film into the bleeder (dark spots on the green bleeder).
placed on top of the rectangular and draped around those circles. In the final
step those circles are squeezed to form a wrinkle (yellow adhesive tape). After
making sure that the film is fully adhered to the tape it is necessary to apply
vacuum and check for leaks. Those leaks are often identified by the hissing
sound they create. When the assembly is tight and no leaks are found it is safe
to apply the maximum vacuum. For this setup an underpressure of 0.08 bar has
been applied. From this point on the setup sits for 24 hours to give the resin time
to fully cure.
After the resin is cured the bagging process is reversed and all layer are removed
to expose the cured composite. Experience has shown that the composite has
to sit and cure under room temperature for around one week to support the
milling process and to reduce frayed edges on the trimmed ribs.
The final step is to mill the ribs out of those sandwich plates. After the shape
has been trimmed the CFRP covering the ribs extensions are trimmed manually
for prototypes that are used with biased sensors.
Prototyping Conclusion
The process of prototyping is fairly simple but too time consuming for a mass
production. Future prototypes will be milled out of a plate constructed from
prepreg. Those plates are available on the market and are cheap compared
to the production cost of ribs built by using a hand-layup process. Those ribs
milled out of such a plate have a similar stiffness to those created with the hand-
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layup process therefore it is advisable to use such ready made plates for the
final detector.
Chapter 3
Cooling
3.1 Cooling Requirements
A Belle II SVD ladder is in principle able to operate without cooling. Cooling is
never the less necessary to transport the detectors waste-heat out of the closed
off SVD volume. Apart from that, observations suggest that the signal to noise
ratio improves at low temperatures. Test beam results[13] show that the increase
of signal to noise ratio is around 10 % at 13 ◦C compared to the module oper-
ating without cooling and even better at around 20 % improvement at a temper-
ature of -8 ◦C. Those measurements lead to the conclusion that the necessary
heat transport for an acceptable operation is achievable through standard water
cooling. Water cooling is fairly simple but involves some risks like leaks and
tube corrosion. Besides that, water cooling requires thick cooling tubes to have
a sufficient mass flow through the detector. This and the fact that an increase
in signal to noise ratio at even deeper temperatures can be achieved suggests
that a better cooling mechanism is needed. A variety of different cooling options
are available to suit the high energy physics demands. For the Belle II SVD, one
of the main factors for the selection of a suitable cooling system was the cooling
tube diameter and wall thickness. Most cooling systems need high mass flows
or have a high viscosity that requires large cooling tube diameters. With an in-
creased tube diameter the wall thickness usually increases as well, especially
in cooling systems that operate above atmospheric pressure. This size increase
is not an option for the Belle II SVD though because it would have too much
influence on the material budget.
Other factors in the decision are the radiation tolerance, the cost and the avail-
ability of cooling fluids. Cooling systems using C3F8 for example are used in
high energy physics applications. This cooling fluid operates quite successful
and is able to cool down to -30 ◦C at ≈2 bar. However, this fluid requires quite
large diameters due to the low pressure and the risk of a temperature drop due
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to a pressure drop caused by friction in the cooling tubes. Besides that, the fluid
is rather expensive and because it is a greenhouse gas it is relatively difficult
to obtain an operating permit or even buy it. For the Belle II SVD a more novel
approach was necessary: CO2 cooling. This system is capable of transferring
the waste heat away from the read out chips by evaporating liquid CO2 at -20 ◦C
and ≈20 bar. The power dissipation of the SVD is at around 666 W of which
328 W are generated on the Origami modules and 338 W are generated by the
hybrid boards. The final numbers are still varying and depending on the final
layout of the SVD. Even though the heat load will be less than assumed above,
the design of the cooling plant bases on those numbers to have a small buffer.
Other effects like heat pickup at any other point than on the cooling tubes will be
accounted for in the final design but before that can happen, those sources will
have to be identified through mockups.
The cooling requirements of the Belle II SVD can be summarized to:
• Cooling fluid temperature: -20 ◦C
• The heat loads from table 3.1 have to be transported outside of the detec-
tor
• A low environment temperature, to reduce the thermal gradient between
the environment and the cooling tubes, is needed
• Dry air volume with less than 4 % humidity according to eqn. 3.1 or a
nitrogen environment is absolutely necessary
• The outside temperature of the SVD volume has to be 23 ◦C, because the
CDC which surrounds the SVD relies on a precise ambient temperature
• A constant gas volume exchange is required because the SVD is not leak
tight
• A slight overpressure inside of the SVD volume is required to create a gas
flow towards the outside of the detector
• Only a minimum of cooling tube connections is acceptable due to the tight
space constraints
The dew point inside the Belle II SVD is very critical. If the cooling tubes
are colder than the dew point, water will condensate and freeze out on their
surface. This has to be avoided because the tubes are directly coupled with the
electronics read out. To estimate how much humidity is acceptable, eqn. 3.1,
which is based on the Magnus formula[31], was used.
ϑd(φ, ϑ) =
241.2 · ln ( φ
100
)
+ 4222.03716·θ
241.2+ϑ
17.5043− ln ( φ
100
)− 17.5043·ϑ
241.2+θ
(3.1)
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Ladder heat load [W] End ring heat load [W]
Layer 6 192 128
Layer 5 96 96
Layer 4 40 113.6
Layer 3 0 (33.6)
Sum 344 353.6
Table 3.1: Heat loads that have to be transported away from the APV25 chips.
Layer 3 and 4 are thermally coupled thus 33.6 is already included in the 113.6
from the layer 4 end ring
In eqn. 3.1 ϑd is the dew point in dependency of the relative humidity φ and
the environment temperature ϑ.
3.2 CO2 Cooling
This sort of cooling system can be found in various detectors such as the LHCb’s
VELO or the AMS detector[32]. CO2 cooling is a two phase evaporation process
with a large latent heat, low viscosity fluid and a high operating pressure. The
large latent heat of CO2 allows a low flow which in return produces a low pres-
sure drop. This is very important in order to have a small temperature gradient
along the cooling tube. The temperature gradient for two phase fluids is domi-
nated by the pressure of the fluid since the evaporation temperature of the fluid is
depending on the fluid pressure. The low viscosity of CO2 also results in a lower
pressure drop, compared to other cooling fluids used in high energy physics
applications. In general, CO2 has such good intrinsic properties that the pres-
sure drop is always very low. Adding positively to all of this comes the fact that
CO2 cooling systems are operated under high pressure and allow a high pres-
sure drop along the systems supply lines (the supply line pressure can be up to
60 bar, while the evaporation pressure is around 20 bar). This means that the
supply lines can be very long and very thin. All of those features combined are
the reason why very small diameter tubing can be used for CO2 cooling[33][34].
If the cooling tube lengths for a CO2 and C3F8 line are the same, then CO2
requires only 1.4 mm inner tube diameter, while C3F8 requires 3.6 mm. The
temperature gradient is more or less the same in both tubes. Despite that, CO2
can have a lower mass flow1 than needed by other cooling fluids for the same
cooling power.
While some detectors can afford large tube diameters that cause a higher ma-
terial budget, the Belle II SVD cannot and therefore depends on a solution that
provides highly efficient cooling with thin cooling tube diameters and thin wall
10.43 g/s with 1.4 mm inner tube diameter versus C3F8 at 1.35 g/s with 3.6 mm inner diam-
eter.
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thickness. Fig. 3.1 shows a thickness comparison of the two cooling tube walls
and their impact on the material budget.
Figure 3.1: Material budget difference of two cooling systems tubing setups.[34]
3.3 Principle of Operation
Cooling with liquid CO2 is a two-phase cooling process, where a part of the liquid
CO2 is evaporated. To convert the liquid phase of CO2 into gas, heat is needed.
The boiling temperature of a saturated fluid is only depending on the pressure
of the fluid. CO2 starts to boil at -20 ◦C at a pressure of 20 bar. At this pressure
CO2 requires a specific enthalpy change of
a
h ≈ 250 kJ/kg to change its state
from a saturated fluid to a saturated vapour. For a closed system the enthalpy
can be written as:
dH = δQ+ V dp− δW ′ (3.2)
In eqn. 3.2 δW ′ is other work except expansion. If this term is set to δW ′ = 0
and the pressure is kept constant the equation is reduced to:
dH = δQ (3.3)
Eqn. 3.3 sets the enthalpy change of the system equal to the amount of
added heat δQ. The consequence of this is that a system that is warmer and
brought into contact with the CO2 will lose a certain amount of heat and therefore
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it will cool down. A mass flow is necessary in the case of the Belle II SVD, since
the evaporation enthalpy of CO2 is limited as is the volume in which the CO2 is
entrapped. The flow ensures that saturated fluid constantly fills the evaporator
and does not only reduce the heat of the cooled system but also transports away
the power the system constantly dissipates. Eqn. 3.4 gives an idea how much
mass flow m˙ is required with a given enthalpy change to consume a certain
amount of power Q˙.
Q˙ = m˙∆h (3.4)
For the entire SVD a mass flow of 4.6 g/s would be required in this ideal
calculation. Unfortunately it is not that simple because the system with its many
cooling branches and undefined heat pickup requires more elaborate engineer-
ing to provide a flow even if one cooling branch would be shut off. The details
of this engineering process are reaching far beyond the scope of this thesis and
will therefore not be explained any further.
A simple system that demonstrates the properties and the operation principle
of CO2 cooling is a so called open system also known as blow system. This sys-
tem is supplied by a CO2 bottle which, for practical purposes, is stored at room
temperature. At this temperature the liquid CO2 in the bottle has a pressure of
56 bar. By using pressure valves and mass flow valves the pressure is reduced
to around 20 bar, which lowers the boiling point of the liquid CO2 to -20 ◦C. With
a mass flow high enough to flush the cooling tubes, the CO2 becomes evapo-
rated to around 40 % saturation and is then warmed up so only gaseous CO2
is released into the exhaust tube. The saturation is chosen to be at such a high
level because measurements show that dry out occurs at this level which would
result in insufficient cooling.
The detailed operation results of such a test system would exceed the scope
of this thesis and are well presented in a future thesis written by Annekathrin
Frankenberger from Hephy Vienna.
3.4 Cooling Tubes Layout
The cooling tube layout is still work in progress. The basic layout foresees that
each layer half shell is covered with one cooling tube serpentine. This reduces
the inlet and outlet connection per layer to two inlets and two outlets. This so-
lution is not ideal because it will be difficult to install and maintain but space
restrictions are so stringent that there is currently no better solution. Fig. 3.3
shows layer 6 with the cooling tubes serpentine sitting on the APV25 chips. The
final layout is still work in progress.
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Figure 3.2: Flow states inside of a cooling tube[34]
Figure 3.3: Layer 6 with one half of the cooling tube serpentine installed
3.5 Two-Phase Pressure Drop Calculation
The flow of a fluid in the evaporation tubes, which cools the sensors readout
chips, is essential to the efficiency of the cooling process. It is of great impor-
tance to minimize pressure drop to keep the temperature difference along the
cooling tubes as small a possible. A big temperature gradient can cause an
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unwanted performance variation of the readout electronics. At the operating
temperature of -20 ◦C and a pressure of 19.605 bar a pressure difference of
0.6 bar would cause a temperature difference of 1 K. It is therefore essential to
calculate the minimal diameter where the pressure drop is small enough to be
acceptable. This is a conflict of interest because for a low pressure drop a big
tube diameter would be required which conflicts the small material budget that is
required for the acceptance region of the detector. In order to minimize and find
the ideal tube diameter, an engineering calculation was used. This calculation is
based on the model by Benbella A. Shannak, who introduced a new definition of
the Reynolds number and the friction factor for two-phase flows[35]. This model
was found to have a very good correlation to previously collected experimental
data for vertical and horizontal flow and various flow conditions. The model was
checked with experimental data collected by Friedel[35] which is a database of
about 16000 measured data points. It was found that the model correlates to
Friedel’s experimental data by 35 % with a mean deviation of 25 %. This is a
5 % better correlation than Friedel’s model has with this data, thus making the
model sufficiently precise for engineering purposes. The following calculation
was published by Benbella A. Shannak[35].
3.5.1 Formulas
The following table is a summary of the parameters that are needed for the
calculation:
Nomenclature
d inner diameter [m]
f friction factor
l length
m mass flux
p pressure [Pa]
∆ p pressure drop [Pa]
Re Reynolds number
x vapor quality
v mean velocity [m/s]
µ dynamic viscosity [Pa s]
 surface roughness [m]
ρ density [kg/m3]
DH hydraulic diameter [m]
Subscripts
f liquid phase
g gas phase
2ph two-phase flow
One cause of pressure drop is associated with the friction of the fluid with
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the tubes wall. Every tube has a surface roughness which is dependent from
the material and the production procedure. This roughness divided by the tube
diameter is called relative roughness, a parameter that greatly influences the
calculation of the friction factor and with this factor the pressure drop within the
tubes. Equation 3.5 shows the linear dependency of the pressure drop and the
friction factor for two-phase flows. This equation is also used for liquid and gas
flows and differs from those by introducing the two-phase friction factor (f2ph),
two-phase mass flux (m(2ph)) and the two-phase density (ρ(2ph)).
∆p(2ph) = f(2ph)
l
d
m2(2ph)
2ρ(2ph)
(3.5)
The two-phase mass flux is calculated for using the desired vapor quality and
for putting it in a relation to the density at the liquid saturation line for a specific
temperature and the density at the vapour saturation line as shown in eqn. 3.6.
1
ρ(2ph)
=
x
ρg
+
1− x
ρf
(3.6)
The two-phase mass flux is also related to the vapor quality as eqn. 3.7
shows.
x =
mg
mg +mf
=
mg
m(2ph)
(3.7)
The Reynolds number is traditionally calculated with eqn. 3.8.
Re =
ρvDH
µ
(3.8)
For two-phase flows the Reynolds number has to be calculated with the al-
tered eqn. 3.9 as proposed by Shannak[35]. This new Reynolds number is now
a function of the saturation and the density fraction of the fluid and vapour phase.
Re2ph =
x2 + (1− x)2(ρg/ρf )
(x2/Reg) + ((1− χ)2/Ref )(ρg/ρf ) (3.9)
The Reynolds number from eqn. 3.9 leads to the new definition of a two-
phase friction factor:
1√
f2ph
= −2 log
[
1
3.7065

d
− 5.0452
Re(2ph)
log
(
1
2.8257
( 
d
)1.1098
+
5.8506
(Re(2ph))0.8981
)]
(3.10)
Eqn. 3.10 is used to calculate the pressure drop defined in eqn. 3.5. The lat-
ter is an analytical equation that provides a possibility to calculate the pressure
drop directly and does not need an iterative calculation. In order to have a prac-
tical tool to calculate the pressure drops for various tube dimensions, pressures,
mass flows and vapour qualities a short program was written by the author and
will be briefly introduced in the following section.
3.5. TWO-PHASE PRESSURE DROP CALCULATION 79
3.5.2 Pressure Drop Calculation
The program written in MathWorksr MATLAB is used to calculate the pressure
drop using the formulas provided by Shannak[35]. The calculation is based on a
two-phase flow with a specific vapor quality (x) and no additional heat load. This
vapor quality changes quickly when a heat load (Q˙) is applied to the evaporating
tubes. If Ha is the specific enthalpy where the cooling process begins2 then Hb
is the specific enthalpy of the cooling fluid at the end of the cooling process and
can be calculated with eqn. 3.11. Hb can then be used to determine the vapor
quality x at the outlet of the evaporator by calculating it with eqn. 3.12.
Hb = Ha +
Q˙
M˙
(3.11)
x =
Hb −Ha
H1 −H0 (3.12)
Here H1 stands for the specific enthalpy at the gaseous saturation line (x=1)
and H0 represents the specific enthalpy at the liquid saturation line (x=0) for
a specific pressure and temperature. The program then uses discrete steps
between the two vapor quality states to calculate the pressure drop in a section
of the tube corresponding to such a step in the vapor quality. All pressure drops
of the sections are then added together to represent a vapor quality sensitive
pressure drop calculation. The merit of such a short program is to have a tool
that provides values which can be used to setup the cooling test system.
3.5.3 Results
The detector cooling tube layout is simplified: a cooling tube length of 4 m is as-
sumed with an inner diameter of 1.5 mm. The tube roughness is estimated with
15 µm. The evaporation temperature is -20 ◦C at a pressure of 19.7 bar. The
heat load for half of the layer 6 shell (8 ladders) is 96 W. The fully saturated fluid
passes through the tubes at a mass flow of 1.5 g/s. The calculated pressure
drop is 1.7 bar. This is a reasonable value and in good accordance with mea-
surements. Experimental evaluation is currently done and will be described in a
soon to be published thesis by Annekathrin Frankenberger from Hephy Vienna.
2The value of the starting specific enthalpy, compared to the enthalpy difference, is depend-
ing on the chart it is taken from. One can obtain a value that is reproducible by others by using
standardized charts. A common standardization defines the specific enthalpy as h=200 kJ/kg
and the specific entropy as s=1 kJ/kg K at t=0 ◦C.

Chapter 4
Conclusion
The Belle II SVD still has many challenges to face but it came a long way already.
Most of the design work is done and the research phase for the mechanical
structure is coming to an end. Several mockups have been and are being built
to test the mechanical feasibility, the assembly procedures and cooling related
issues. Apart from that, the design’s impact on the measurement was checked
with several calculations and more simulations are yet to come.
The material budget of a ladder cross-section has been calculated for an
initial evaluation. This calculation is based on the equations presented in sec-
tion 1.9. Those simplified material budget calculations were used to make the
decision on the ladder design as was discussed in section 2.5.
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Figure 4.1: This figure shows the plot of radiation length that was calculated for
the cross-section. The horizontal lines with their steps represent the radiation
length of the sensor, the Origami hybrid, the core material and the APV25 chip.
The four vertical lines represent the carbon fiber sheets of the support ribs and
on the left side there is a spike that represents the radiation length profile of the
cooling tube.
The calculations showed that a lot of material budget reduction is possible
because of the utilization of the carbon fiber sandwich ribs which are kept as
light as possible. Making the structure lighter would result in unacceptable de-
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formation and in insufficient long-term stability of the material. Simulations of
the material budget done by Zbynek Drasal[26] are in good agreement to the
calculations done by the author. The current design is the lightest possible de-
sign with the given boundary conditions and requirements.
The impact parameter resolution (IPR) is directly coupled to the material budget
and is one of the most important factors to characterize the performance of a
silicon vertex detector. Studies on the impact parameter resolution have been
conducted by Manfred Valentan[36] of HEPHY Vienna to compare different SVD
layouts with each other.
Fig. 4.2 shows a comparison between the Belle II SVD version drafted by the
author in the TDR[2] and the current SVD state. The difference between these
two designs is a change in the radii for layers 5 and 6 as well as a reduction of
ladder numbers for those layers. The reduction of the radii was requested by the
collaboration to provide a wider gap between SVD and CDC will be utilized dur-
ing the installation of the SVD. The reduction of ladder numbers and the change
of radii also influenced the windmill angle of each layer and consequently the
overlap between the ladders of each layer. Unfortunately, this change in the
layer radii led to a slight degradation of the IPR in r-φ.
The vertical dashed line marks the most likely momentum of the particles
that originate from the vertex. At this momentum (500 MeV/c), the difference
of the resolutions is ≈1.25%. Considering the fact that the parameter changes
in the SVD caused considerable problems, where layer 3 was in danger of be-
ing dropped, this slight degradation is acceptable. At a momentum of 500 MeV/c
the impact parameter resolution is around 30 µm. In comparison the Belle SVD2
had a r-φ and z IPR of ≈50 µm for 500 MeV/c for pi−[37] particles. The impact
parameter resolution in the z direction σz did not degrade much at the 500 MeV/c
mark with respect to the TDR case. Compared to the SVD2, σz of the Belle II
SVD improved slightly to ≈35 µm. This is an overall tracking performance im-
provement that results largely from the very light support structure of the SVD
and the addition of two pixel detector layers.
A word of recommendation for future detectors shall serve as the closing state-
ment: mechanics and cooling of a detector are just as important as the rest of
the components that constitute a detector. Without a good mechanical structure
and efficient cooling a detector is rendered quite useless. This fact should mo-
tivate future collaborations to invest more time, thoughts and research into the
early stage of the project development. This helps to relax the R&D schedule
and eventually produces a well tuned system. Unfortunately the past has shown
that the mechanics and especially the cooling of a detector are often regarded
as ”simple” and are tackled way too late in the detector development stage.
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Figure 4.2: Impact Parameter Resolution comparison between the TDR version
of the SVD and the current state. The structure has been kept the same but the
radii changed. These plots show σd0 and σz. [36]
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